The fore-arc mantle above a subducting slab is a unique site where complex partial melting, melt/ fluid-rock interaction, and deformation of mantle rocks occur. To constrain these geological and geodynamic processes we analyzed the deformation microstructures, crystal preferred orientations (CPOs or fabrics), and water content in natural harzburgites that occur as exhumed massifs in the North Qilian suture zone, NW China. These harzburgites are very fresh, and have mineral assemblages of olivine ($81-87 vol. %), orthopyroxene ($11-17 vol. %), clinopyroxene ($1-2 vol. %), and spinel ($1 vol. %). Detailed analyses of mineral textures, CPO patterns, and rotation axis distributions suggest that the plastic deformation of olivine and pyroxene was accommodated by acti- (100)[0vw] slip systems. The water content is extremely low in the orthopyroxene (38-44 ppm by weight), equilibrated olivine (4-7 ppm), and bulk-rock samples (9-14 ppm). Previously published refractory mineral and whole-rock compositions, as well as estimated low-pressure ($1-2 GPa), high-temperature ($1100-1300 C), low-stress ($1-4 MPa) and water-poor conditions of deformation, suggest that these harzburgites represent a remnant of fossil fore-arc lithospheric mantle that was probably both formed (experienced partial melting and high-temperature melt/fluid-rock reaction) and deformed in a young and warm fore-arc mantle setting (i.e. juvenile subduction zone). Based on these results, a refined schematic model of olivine fabric distributions in subduction zones is proposed. In this model, the A-/D-type olivine fabrics are inferred to be prevalent in fore-arc lithospheric mantle. The opposing polarizing directions of A-/D-type olivine fabrics with other underlying anisotropic sources in the mantle wedge (e.g. B-type olivine fabrics and oriented serpentinite layers) may weaken the trench-parallel fast S-wave anisotropy contributed by the deformed fore-arc mantle, and thus provide an alternative explanation for the short or nearly null delay times of local shear-wave splitting (sourced from intra-slab earthquakes) that have been detected in some fore-arc regions. In addition, topotactic antigorite fabrics after the A-/D-type olivine fabric might play a minor role in contributing to the low P-and V C The Author 2015. Published by Oxford University Press. All rights reserved. For Permissions, please e-mail: journals.permissions@oup.com
INTRODUCTION
Investigating the composition, thermal and seismic structures, and deformation characteristics of fore-arc mantle is important for constructing an integrated view of the formation and evolution of subduction zones. Over the past two decades, incremental progress has been made in understanding the physical and chemical properties of fore-arc mantle. Abundant worldwide seismic, geothermal, and magnetotelluric observations from modern fore-arc mantle have revealed a suite of prominent features including low heat flow, low seismic velocities, high seismic attenuation (low Q), high V p /V s (Poisson's) ratio, low seismicity, low-frequency tremors, and high electrical conductivities (e.g. Kamiya & Kobayashi, 2000; Bostock et al., 2002; Brocher et al., 2003; Seno & Yamasaki, 2003; DeShon & Schwartz, 2004; Tetsuzo, 2005; Currie & Hyndman, 2006; Tibi et al., 2008; Davey & Ristau, 2011; Zhao, 2012; Audet & Bü rgmann, 2014; McCrory et al., 2014; McGary et al., 2014; Saita et al., 2015) . These distinctive geophysical features jointly suggest that the fore-arc mantle is conductively cooled by an underlying 'cold' subducting slab, and is hydrated or metasomatized (more particularly, serpentinized) by reaction with slab-derived silicarich fluids (e.g. Hyndman & Peacock, 2003; Currie & Hyndman, 2006; Wada et al., 2008; Davey & Ristau, 2011; Mizukami et al., 2014) . The fluids and hydrous phases (e.g. serpentine, chlorite, and talc) can significantly weaken the plate interface and maintain the decoupling between the subducting slab and stagnant mantle wedge, which in turn results in a 'cold' stagnant fore-arc mantle that is not convectively heated by the hot mantle wedge. The characteristics of low seismic velocity, high V p /V s ratio, high seismic attenuation and high electrical conductivity of fluid-filled serpentinite are consistent with geophysical observations in fore-arc mantles. The weak rheological properties of fluid-filled serpentinite reduce the likelihood of seismogenic rupture and facilitate episodic tremor and slip owing to hydro-fracturing by fluids released from the subducting slab. Trench-parallel fast S-wave polarization anisotropy is another seismic feature commonly observed in fore-arc regions (e.g. Park & Levin, 2002; Nakajima & Hasegawa, 2004; Long & Silver, 2008; Huang et al., 2011b; Long, 2013; , and its formation has been partially and significantly attributed to the highly anisotropic seismic properties of a serpentine layer along the slab-mantle interface in some fore-arc regions, such as Ryukyu (e.g. Katayama et al., 2009; Bezacier et al., 2010; Jung, 2011; Brownlee et al., 2013; Ji et al., 2013) . More details about the role of hydrous minerals (e.g. serpentine, chlorite, and amphibole) in subduction zones (including fore-arc mantles) can be found in recent studies or reviews on serpentinite (e.g. Reynard, 2013; Guillot et al., 2015) , chlorite (e.g. Mookherjee & Mainprice, 2014; Kim & Jung, 2015) , and amphibole (e.g. Cao et al., 2013; Ko & Jung, 2015) .
In parallel with the large amount of data acquired using diverse geophysical methods, abundant geochemical constraints have also been obtained by examining natural samples collected from modern and ancient supra-subduction zones or fore-arc mantles. Examples are the studies of rocks at the South Sandwich arc, South Atlantic (Pearce et al., 2000) , the Izu-Bonin/Ogasawara-Mariana arc (Ishii et al., 1992; Parkinson & Pearce, 1998) , Avacha volcano in Kamchatka (Ishimaru et al., 2007; Ionov, 2010) , the Dragon Seamount on the southern Tore-Madeira Rise (Merle et al., 2012) , the Andaman ophiolite (Pal, 2011) , the Timor-Tanimbar ophiolite in eastern Indonesia (Ishikawa et al., 2007) , the Oman ophiolite (Tamura & Arai, 2006) , Papua New Guinea (Franz, 2002) , the New Caledonia ophiolite (Marchesi et al., 2009; Ulrich et al., 2010) , the Josephine ophiolite (Le Roux et al., 2014) , the Coast Range ophiolite (Choi et al., 2008; Jean et al., 2010) , ophiolite complexes in Greece (Bizimis et al., 2000) , the Voykar ophiolite in the Polar Ural (Batanova et al., 2011) , the _ Izmir-Ankara-Erzincan ophiolites in Turkey (Parlak et al., 2013) , the Sabzevar ophiolite in Iran (Shafaii Moghadam et al., 2015) , and the Zhongba ophiolite in Tibet (Dai et al., 2011) . These studies show that supra-subduction zone or fore-arc peridotites consistently exhibit refractory and melt/fluid-affected geochemical characteristics, including complex melt/fluidrock reactions, which are distinguishable from those of abyssal peridotites (e.g. Song et al., 2004; Bodinier & Godard, 2007) .
The deformation characteristics and seismic properties of natural fore-arc peridotites, as well as their seismic implications for fore-arc regions, have been less well addressed (e.g. Mehl et al., 2003; Mizukami et al., 2004; Michibayashi et al., 2007 Michibayashi et al., , 2009 Tasaka et al., 2008; Soustelle et al., , 2013 Harigane et al., 2013) . As one of the most important consequences of plastic deformation, the crystal preferred orientations (CPOs) or fabrics of olivine have been used to infer the deformation states (e.g. extent, geometry, and mechanism) and physical-chemical conditions (e.g. pressure, temperature, water and melt content) in the mantle. Based on pioneering simple shear experimental studies, a series of olivine fabrics have been reproduced and defined: types A (Zhang & Karato, 1995; Jung & Karato, 2001a) , B and C (Jung & Karato, 2001a; Jung et al., 2006; , D (Bystricky et al., 2000; Zhang et al., 2000) , E (Katayama et al., 2004; Jung et al., 2006) and AG (Holtzman et al., 2003; Mainprice, 2007) (Fig. 1) . As a consequence of the strongly anisotropic nature of single-crystal olivine, these fabric types (mainly determined by the orientation and symmetry of the fast [100] axis) have distinctive patterns of seismic anisotropy, and are thus crucial for understanding observed seismic anisotropies (e.g. fast S-wave polarization anisotropy, radial anisotropy, P-wave, and V p /V s azimuthal anisotropies) and associated geodynamic processes in the upper mantle (Nicolas & Christensen, 1987; Montagner & Guillot, 2002; Park & Levin, 2002; Karato et al., 2008; Long & Silver, 2008) . Although much effort has been devoted to elucidating the causes of these various olivine fabrics, the formation mechanisms of most olivine fabrics appear to be fairly diverse, and hitherto not well constrained.
Nevertheless, a simple model of olivine fabric occurrences in the 3D space of temperature, stress, and water content has been well established experimentally [see the summaries by Jung et al. (2006) and Karato et al. (2008) ]. Benefiting from incorporating the influences of temperature and water content, this model is useful to infer the spatio-temporal distribution patterns of olivine fabrics and to investigate their effects on seismic anisotropies in subduction zones (Fig. 2a, b, d and e; Kneller et al., 2005 Kneller et al., , 2007 Ohuchi et al., 2012; Harigane et al., 2013; Nagaya et al., 2014) . In contrast, Pré cigout & Almqvist (2014) recently proposed a different pattern of olivine fabric distribution in the mantle wedge ( Fig. 2c and f) , in which the variation of olivine fabrics (A-to B-type transition) is controlled by the deformation mechanism of dislocation-accommodated grain boundary sliding (DisGBS), which is sensitive to temperature and independent of water content (Pré cigout & Hirth, 2014) .
Regardless of the pattern differences within these proposed models of olivine fabric distribution in the mantle wedge, one common aspect of these models is that they almost all hypothesize that the fore-arc mantle consists of only one type of olivine fabric ( Fig. 2; either B-, C-, or E-type). This hypothesis seems valid because of the progressive findings of B- (Song & Su, 1998; Mizukami et al., 2004; Tasaka et al., 2008; Jung, 2009; Jung et al., 2014; Nagaya et al., 2014; Kim & Jung, 2015; Park & Jung, 2015) and E-type (Jung, 2009; Mehl et al., 2003; Tommasi et al., 2006; Palasse et al., 2012; Harigane et al., 2013) olivine fabrics in fore-arc peridotites. However, this hypothesis may be only partly correct, because none of the proposed models could explain the frequent coexistence of these diverse olivine fabrics, and the universal occurrence of A-/D-type fabrics in natural peridotites from both fore-arc and back-arc settings (e.g. Ji et al., 1994; Michibayashi et al., 2006a Michibayashi et al., , 2007 Michibayashi et al., , 2009 Falus et al., 2008; Jung et al., 2009a; Soustelle et al., , 2013 Morales & Tommasi, 2011; Satsukawa & Michibayashi, 2014) . Therefore, the various studies of olivine fabrics from natural peridotites suggest that plastic deformation in mantle wedges could be fairly complicated. To explain the occurrence of various olivine fabrics in mantle wedges (especially fore-arc mantle), a comprehensive model of olivine fabric distribution that takes into account the complicated interactions between partial melting, melt/fluid-rock reactions, and plastic deformation in the mantle wedge is needed.
The purpose of this study is to present an appropriate spatio-temporal distribution model of olivine fabrics in the mantle wedge (the fore-arc mantle in particular), by analyzing the microstructures, mineral fabrics (olivine and pyroxene), and water contents of natural peridotites originating from a fossil fore-arc mantle (Yushigou harzburgite in the North Qilian suture zone). Based on the proposed by Jung & Karato (2001a) , Katayama et al. (2004) , and Mainprice (2007) . Grey areas indicate the dominant orientations of three principal crystallographic axes of olivine. The east-west direction (horizontal) represents the shear direction or lineation; the north-south direction (vertical) represents the direction normal to the shear plane or foliation.
mineral fabrics and calculated bulk-rock seismic properties, the roles of the harzburgites and their associated serpentinization processes in affecting the seismic properties of a subduction zone are also discussed.
GEOLOGICAL BACKGROUND AND TECTONIC SETTING
The present-day manifestation of the ancient subduction of the Qilian Ocean beneath the Alashan block, and subsequent collision between the Qilian-Qaidam and Alashan blocks, is preserved as a suite of rocks consisting of an Early Paleozoic ophiolite sequence, an islandarc igneous complex, high-pressure-low-temperature (HP-LT) metamorphic rocks, a Silurian flysch formation, a Devonian molasse basin, and Carboniferous to Triassic sedimentary cover in the North Qilian orogen, NW China ( Fig. 3 ; Song et al., 2013 Song et al., , 2014 . The North Qilian orogenic belt (or North Qilian suture zone) is elongated in a NW-SE direction and currently forms the central part of the Central China orogenic belt (Fig. 3a) . Recent equilibrium P-T estimations for lawsonite-bearing eclogite and carpholite-bearing metapelite (Cao et al., 2011; Song et al., 2007; Zhang et al., 2007; Wei et al., 2009) suggest that these rocks were metamorphosed at HP-LT conditions ($460-550 C and $2Á2-2Á6 GPa), thus indicating that the North Qilian orogenic belt represents one of the earliest 'cold' oceanic lithosphere subduction zones on Earth with a low geothermal gradient (6-7 C km -1
). The subduction of the Qilian Ocean plate is inferred to have been initiated at $520 Ma, based on the zircon sensitive high-resolution ion microprobe (SHRIMP) age ($517 Ma) of gabbroic samples in the lower tholeiitic part of the Dachadaban boninite massif (Xia et al., 2012) , which is the earliest magmatism to have occurred in a fore-arc setting. This magmatic age is older than the magmatic ages of arc-related granitic intrusions (>500 Ma) (Wu et al., 2010) and maximum eclogite-facies metamorphic ages (489 6 7 Ma) in the Qilian orogenic belt. The Qilian Ocean closed (subduction ceased) at $445 Ma (end of the Ordovician), as indicated by the latest arc volcanic rocks (446 6 3 Ma) , 40 Ar-
39
Ar plateau ages of phengite from high-grade blueschist belts (446-454 Ma) (Liou et al., 1989; Liu et al., 2006) , and Silurian flysch that was deposited in a remnant sea. The final collision (mountain building) between the Alashan block and Qilian-Qaidam block is marked by a Lower Devonian molasse formation that has ages similar to those of the low-grade blueschist (glaucophane and phengite 40 Ar-39 Ar age, $413-415 Ma; Lin et al., 2010) and retrograde eclogite (zircon U-Pb ages $404-424 Ma; Song et al., 2009a) .
Spatially, the ophiolite sequences in the North Qilian suture zone are distributed in two subparallel belts: the southern belt and the northern belt (Fig. 3c) . They occur as nappes bounded by thrust faults. The Yushigou ophiolite is part of the Southern Ophiolite Belt, and occurs as various-sized nappes overthrusting onto the Precambrian crystalline basement of the Central Qilian block ( Fig. 3c and d) . This ophiolite sequence consists of mantle peridotites, gabbroic cumulates, pillow basalts, and marine sedimentary rocks, including marl and radiolarian chert. Together, they make up a complete section of oceanic lithosphere. The ultramafic blocks ($25 km 2 ) are elongated and bounded to the north by a thrust fault running parallel to the trend of the orogenic belt, and are surrounded by thin layers of mylonitized serpentinite and (serpentinized) peridotite, which are considered to result from intense shearing during the exhumation process (Fig. 3d ). Owing to intense and pervasive weathering and alteration (especially serpentinization), the original subtypes of ultramafic rocks are poorly constrained in the outcrops. However, studies of fresh samples suggest that the peridotite bodies are dominated by harzburgite with minor dunite and pyroxenite occurring as dikes or veins within the harzburgite (Song & Su, 1998; Song et al., 2009b Song et al., , 2013 .
Based on the refractory mineral and whole-rock compositions, enrichments of fluid-mobile elements, the ubiquitous presence of CH 4 þ C þ H 2 -rich fluid inclusions in olivine and their isotopic compositions indicative of a crustal origin (very low d 13 C, 3 He/ 4 He and 20 Ne/ 22 Ne ratios, and variably high 40 Ar/ 39 Ar ratio), and the relatively oxidized nature ($DFMQ -1, where FMQ is fayalite-magnetite-quartz) of the harzburgites, it has been proposed that the ultramafic section of the Yushigou ophiolite represents a remnant of a Paleozoic mantle wedge [i.e. supra-subduction zone (SSZ) type ophiolite] that had experienced both partial melting and melt/fluid (or hydrous melt)-rock reaction (Song et al., 2009b) . Further evaluation of these previously published mineral composition data for olivine, spinel and pyroxenes in harzburgites (Mg# $ 0Á91-0Á93 and NiO $ 0Á3-0Á5 wt % for olivine; Cr# $ 0Á6-0Á7, Mg# $ 0Á55-0Á60 and TiO 2 $ 0-0Á1 wt % for spinel, Mg# $ 0Á95-0Á98 and Cr 2 O 3 $ 0Á6-1Á0 wt % for clinopyroxene; Al 2 O 3 $ 1-2 wt % and Cr 2 O 3 $ 0Á3-0Á6 wt % for orthopyroxene) clearly indicates the petrogenetic setting as fore-arc mantle (Supplementary Data Fig. S1 ; supplementary material is available for downloading at http://www.petrology.oxfordjournals.org). Conforming to the very low clinopyroxene modal abundance (<2 vol. %), the compositional relationships between spinel TiO 2 and Cr# (Pearce et al., 2000) and between olivine Mg# and spinel Cr# (Arai, 1994) indicate that the harzburgites have experienced high-degree partial melting of $25-30% (Supplementary Data Fig. S1c and  d) . Their low bulk-rock heavy rare earth element (HREE) concentrations are also consistent with high-degree partial melting of $20-25% at spinel-facies conditions (Fig. 4) , according to the negative correlation between the degree of partial melting and bulk-rock HREE abundance. Additionally, the U-shaped REE patterns (Fig. 4) and enrichment of large ion lithophile elements (LILE) (Supplementary Data Fig. S2 ) suggest that these highly refractory harzburgites have also been subsequently affected or refertilized by hydrous melts or aqueous fluids (i.e. melt/fluid-rock interactions) that were generated in a subduction zone (Song et al., 2009b) . The presence of clinopyroxene (vs plagioclase), and the lower olivine Fo# ($90) and spinel Cr# ($0Á4-0Á5) in dunitic veins within the harzburgites are consistent with their crystallization from a hydrous basaltic melt (i.e. subduction zone magma) or at high pressure (>0Á8 GPa), or both (Song et al., 2009b) .
The gabbros in the cumulate sequence display clear layering defined by modal variations of plagioclase and clinopyroxene. These gabbros are enriched in Ba, Sr, and Eu but are relatively poor in REE and high field strength elements (HFSE) as a result of crystal accumulation with high plagioclase/pyroxene ratios . The zircon SHRIMP ages of these gabbros are in the range $529-550 Ma . The pillow basalts occur in the southern part and represent the upper section of the ophiolite (Fig. 3d) . They have well-preserved pillow shapes of varying size ($0Á2-1Á5 m in diameter) and show trace-element patterns similar to present-day E-MORB (enriched mid-ocean ridge basalt) . The geochemical characteristics of the Yushigou ophiolite are different from those of most of the other ophiolite sequences in the North Qilian orogenic belt, which represent segments of oceanic lithosphere of the Qilian Ocean formed at seafloor spreading centers or a mid-ocean ridge (i.e. MORB-type ophiolite) .
MICROSTRUCTURES
Five fresh harzburgite samples were collected from the largest ultramafic block in the western part of the study area (Fig. 3) . Their mineral modal compositions categorize them as typical spinel harzburgites, with dominant mineral phases of olivine (Ol, $81-87 vol. %) and orthopyroxene (Opx, $11-17 vol. %), and minor amounts of clinopyroxene (Cpx, $1-2 vol. %) and spinel (Sp, $1Á0 vol. %) ( Table 1 ). The grain sizes of olivine and orthopyroxene vary widely from $0Á1 to $10 mm, and are concentrated around 2-4 mm (Fig. 5) , whereas the clinopyroxene and spinel are much smaller, with grain sizes mostly less than 500 lm (Fig. 6 ). The shapes of these minerals are rather irregular, but show clear shape-preferred orientations (SPO) for the large and elongated olivine and orthopyroxene crystals (aspect ratios > 2), which in turn defines microscopic foliation and lineation in the specimens (Fig. 5) . However, evidence for the macroscopic foliation and lineation in the harzburgites is weak owing to the scarcity of fresh samples and the lack of orientation markers (e.g. pyroxene layers and spinel traces) in the specimens and outcrops. The foliation in the surrounding mylonitized serpentinite and (serpentinized) peridotite is variable, and has a tendency to be oriented subparallel to the strike of the thrust faults (NW-trending).
Based on the first-order textural features described above, we have classified our samples as coarsegrained protogranular harzburgites. These harzburgites also show a continuous gradation from non-porphyroclastic to weakly porphyroclastic textural types (Fig. 5) . In the non-porphyroclastic texture, the grain-size distribution is nearly homogeneous, and no exceptionally large olivine or orthopyroxene crystals are observed in thin section (Fig. 5a ). In contrast, in the weakly porphyroclastic texture, the grain sizes are distributed slightly heterogeneously, and abnormally large olivine and orthopyroxene porphyroclasts are sporadically distinguishable from their surrounding smaller olivine and orthopyroxene grains in thin section (Fig. 5b) .
Specifically, except for a few small and strain-free olivine crystals of polygonal shape (straight grain boundaries) with 120 triple junctions in some of the domains (Fig. 6a) , most of the olivine grains are characterized by their xenomorphic morphology, with complex (e.g. curvilinear, serrated, penetrating, and irregular) grain boundaries (Figs 5 and 6). Locally, some anhedral subgrain-bearing olivine crystals clearly display grain-scale interpenetrating textures, implying intense synkinematic grain boundary migration (GBM) at a length scale comparable with the grain size ( Fig. 6e and f). It is noteworthy that, owing to the study of 2D thin sections, some small olivine grains may simply be the protruding parts of a large olivine crystal below the surface of the thin section. These irregularly shaped olivine grains (especially the interpenetrating ones) could potentially lead to underestimation of the real olivine grain size if large amounts of small olivine (Anders & Grevesse, 1989) bulk-rock REE patterns of the Yushigou harzburgites. Red lines are modeled chondrite-normalized REE patterns of refractory peridotites after variable degrees (1-25%) of fractional melting of depleted spinel-facies MORB source mantle (Piccardo et al., 2007) . REE data are from Song et al. (2009b) . Water content in Opx was calculated using Bell et al. (1995) calibration. n, number of analyzed grains.
5
Water content in Opx was calculated using Paterson (1982) calibration. n, number of analyzed grains.
6
Equilibrium olivine water concentration calculated using measured water content in Opx [calibration of Bell et al. (1995) ] and water partition coefficient D ol/opx of 0Á11.
7
Equilibrium olivine water concentration calculated using measured water content in Opx [calibration of Paterson (1982) Converted grain size corresponding to that of linear-intercept method. Because the olivine grain boundaries are irregular, the grain-size was calculated by the following steps:
(1) calculating the diameters of circle of equivalent areas to those measured grains, and weighted by grain numbers; (2) converting number-weighted grain-size by multiplying a factor of 1Á12, into the grain-size estimated by linear-intercept method (LIM), based on the relations established by Berger et al. (2011) ; (3) converting 2D into 3D grain-size by multiplying a factor of 1Á5. The same olivine grains which have well-developed subgrain boundaries were also used for subgrain size measurement.
grains were involved in the grain-size measurement based on 2D thin section images, and also result in misinterpretation of the olivine grains as dynamically recrystallized fine grains or as olivine inclusions in other olivine and orthopyroxene (Fig. 6d) . In fact, because of the scarcity of small strain-free grains, grain-size refinement via dynamic recrystallization of coarse olivine grains was not significantly activated in our coarsegrained protogranular harzburgites. Widely spaced subgrain boundaries with widths of 30-1000 lm are ubiquitously observed in most olivine grains (Figs 5, 6 and 7b) . These subgrain boundaries are preferentially oriented subperpendicular to the long axis of the olivine crystals and to the foliation in all the samples (Figs 5 and 6). In addition, abundant fluid inclusions rich in CH 4 þ C þ H 2 and poor in H 2 O have been observed in olivine crystals, as reported by Song et al. (2009b) .
Numerous free dislocations occurring as dots and curves were observed in air-oxidized olivine grains (Fig.  7) . Our samples were oxidized at a temperature of 800 C for 1h in an oven open to air (Karato, 1987; Jung & Karato, 2001b) . In subgrain-bearing olivine crystals these dislocations tend to be clustered and distributed in planar form, which is interpreted as the precursor of a new subgrain boundary (Fig. 7b) . The distribution of dislocations is fairly inhomogeneous both within (Fig. 7b ) and between olivine grains (Fig. 7c) . This heterogeneous distribution of dislocations is often associated with curved olivine grain boundaries. As shown in Fig. 7c , the grain boundaries between variously strained olivine crystals are concave towards the olivine grain, with low dislocation density, indicating a strain-induced grain boundary migration process (i.e. GBM is driven by the contrast of dislocation density between neighboring grains). For orthopyroxene, the phase boundaries between orthopyroxene and olivine are also rarely straight, and mostly concave towards the olivine or embayed by smaller olivine grains (Figs 5 and 6a, b, . These textures, and the similar refractory compositions of all the measured orthopyroxene grains [see Supplementary Data Fig. S1 and Song et al. (2009b) ], suggest that the orthopyroxene was most probably replaced by the growth of olivine (e.g. partial melting), instead of the opposite process of precipitating new (or secondary) orthopyroxene by dissolving old olivine (e.g. Si-rich melt-rock reaction). Compared with olivine, weak undulose extinction and thin kink bands are present, but are less common in the orthopyroxene crystals in all the samples (Figs 5a and 6a, b) . These kink bands also tend to be oriented subnormal to the long axis of the orthopyroxene grains and foliation (Figs 5 and 6) . Abundant clinopyroxene lamellae [up to 5-6 vol. %; see Song et al. (2009b) ] are observed in most orthopyroxene crystals (Fig. 6a, b and e). This characteristic is generally explained as a cooling-induced exsolution texture, and indicates a high-temperature origin (versus secondary orthopyroxene that mostly results from lowtemperature Si-rich melt-rock reaction).
Unlike orthopyroxene, clinopyroxene usually occurs as small irregular interstitial phases, commonly surrounded by olivine grains and occasionally neighbored by orthopyroxene (Fig. 6a, b and e) . In addition, many clinopyroxene grains also contain cooling-induced exsolution lamellae of orthopyroxene (see Song et al., 2009b, fig. 2f ), reflecting their high-temperature origin. Spinel is also anhedral in shape and always occurs at junctions between olivine and orthopyroxene (Fig. 6c) . The compositional and textural characteristics of pyroxenes suggest that both orthopyroxene and clinopyroxene are primitive in origin, and equilibrated with olivine.
ELECTRON BACKSCATTERED DIFFRACTION ANALYSIS

Analytical methods
Analysis of bulk-rock crystal preferred orientations
Measuring the crystal preferred orientation (CPO) or fabrics of minerals in a thin section with a known structural orientation (usually in the xz-plane) is a common method to infer the activated dislocation slip systems of a mineral, assuming that the dominant deformation mechanism is dislocation creep. In this case, the preferred orientations of crystallographic axes parallel to the lineation and normal to the foliation correspond to the slip direction and slip plane, respectively. In our harzburgite samples, the characteristics of intracrystalline plasticities (e.g. numerous subgrains and dislocations in olivine, kink bands in orthopyroxene; Figs 5-7), clearly suggest that deformation was closely associated with the prevalence of dislocation slip and recovery. These observations confirm that the deformation occurs dominantly in the dislocation creep regime, and thus validate the determination of dislocation slip systems using mineral CPOs. In this study, we used thin sections cut parallel to the most probable xz-plane by analyzing the SPO of clearly elongated large olivine and orthopyroxene grains in two or three orthogonal planes in each sample. The process of preparing thin sections was as follows: (1) a rectangular prism was cut from the sample ($5-10 cm in length); (2) two or three thin sections were cut from the orthogonal planes; (3) the mineral SPOs in these thin sections were measured to determine the foliation (xy-plane); (4) thin sections were cut parallel to the foliation (xy-plane); (5) the mineral SPOs in the xy-plane were measured to determine the lineation (x); (6) thin sections were cut parallel to the lineation and normal to the foliation (xz-plane). The SPO of the mineral grains in a thin section was then determined using the method of Panozzo (1984) ; further details have been given by Jung et al. (2009a) .
The CPO measurements were conducted using an electron backscattered diffraction (EBSD) system (attached to a JEOL JSM-6380 SEM) hosted at the School of Earth and Environmental Sciences, Seoul National University (SNU). The system is run in a high-vacuum environment with 20 kV acceleration voltage, 15 mm working distance, and a spot size of 60. To determine the EBSD patterns accurately, we manually acquired and indexed the diffraction patterns that were different between neighboring grains for most of the area of each thin section using the HKL CHANNEL 5.0 software. The CPO results obtained using this method were similar to those acquired using the 'one measurement per grain' method employed in automatic EBSD mapping. The CPO figures (or pole figures) of each mineral species were constructed using the HKL Channel 5 Mambo software.
To quantify CPO strength, both the M-index (Skemer et al., 2005) and J-index (Bunge, 1982) were used. The M-index describes differences in the uncorrelated misorientation angle distributions between the observed fabric and a theoretical random fabric. The index ranges from zero (random) to one (single crystal). The J-index (or texture index) is the volume-averaged integral of squared orientation density. It has a value of one (random) to infinity (single crystal), but most natural peridotites show values between two and 20 (Ben Ismaïl & Mainprice, 1998; Tommasi et al., 2000) . The J-index for all samples in this study was calculated using the MTEX toolbox for MATLAB with a kernel halfwidth of 10 (Bachmann et al., 2010) . In a similar manner, we used the pfJ-index to describe the sharpness or strength of a pole figure for each given crystallographic axis. This index also has a minimum value of one for a random distribution, whereas the maximum value is dependent on crystal symmetry and the symmetry of the crystal axis (Michibayashi et al., 2006b ). In the case of olivine and orthopyroxene, the [100], [010] , and [001] axes are all in two-fold rotational symmetry, thus their pfJ values can be compared directly. In addition, we performed an eigenvalue analysis to quantify the shape of the crystallographic fabrics using point (P), girdle (G), and random (R) fabric indices (Vollmer, 1990) . For each principal crystallographic axis, these three fabric indices can be calculated from three normalized eigenvalues
, and R ¼ 3k 3 . In addition, we employed a shape parameter (K) defined as K ¼ ln(k 1 -k 2 )/ln(k 2 -k 3 ) better to constrain the difference between point and girdle fabrics, as K > 1 and K < 1 indicate more point and girdle distributions in a pole figure, respectively (Woodcock & Naylor, 1983) .
Analysis of single-crystal subgrain microstructures
The dislocation slip system of a mineral can also be inferred using either the distribution of rotation axes (also referred to as misorientation axes) or the geometrical relationship between subgrain boundaries and rotation axes based on EBSD mapping (Prior et al., 1999) . The basis of the former method is that the rotation axes that accommodate the low-angle misorientations (<10 ) (i.e. misorientation mostly across a subgrain boundary in a crystal) can be used to constrain slip systems. They thus contain information about dislocation slip systems; the two orthogonal crystallographic axes that are perpendicular to the rotation axis indicate either the slip direction or the pole of the slip plane. This method has distinct advantages because of its great convenience and ability to reveal the bulk-rock slip system when combined with large-area EBSD mapping. Hence, it has been applied to identify olivine dislocation slip systems in a variety of studies on both natural peridotites Falus et al., 2011; Kaczmarek & Tommasi, 2011; Higgie & Tommasi, 2012; Hansen et al., 2013; Kaczmarek & Reddy, 2013; Zaffarana et al., 2014) and experimental samples (Hansen et al., 2011 (Hansen et al., , 2012 (Hansen et al., , 2014 Demouchy et al., 2014) . However, an obvious pitfall of this method is that the slip direction and slip plane cannot be specified, and that the inference of the slip system relies strictly on the known slip systems of a specific mineral. For example, rotation axes close to the [010] axis of olivine indicate that three independent dislocation slip systems (two tilt-wall-associated edge dislocations of (001)[100] and (100)[001], and one set of twist-boundary-associated screw dislocations of (010)[100] and (010)[001]) could be equally activated. In contrast, a single-crystal-based EBSD mapping method, which further takes into account the geometrical relationships between rotation axes and subgrain boundaries, can result in a more precise inference of slip systems, because either the slip direction or slip plane can be determined from indexing the subgrain boundaries. This analytical approach has mostly been used to identify slip systems of porphyroclasts in natural peridotites (e.g. Katayama et al., 2011; Palasse et al., 2012; Kaczmarek & Reddy, 2013; Pré cigout & Hirth, 2014) . However, a potential problem of employing this method is that a large number of grains showing subgrain textures may need to be analyzed to obtain a statistically meaningful estimation of bulk-rock dislocation slip systems. Owing to the limited number of grains with clear subgrain textures, this method is often difficult to apply and greatly time-consuming.
Benefiting from the ubiquitous subgrain textures in our specimens, we used the second method by selecting those olivine grains that clearly showed multiple subparallel subgrain boundaries, and by running the EBSD scan along directions at high angles to the subgrain boundaries, so that more rotation axes (misorientation angle ¼ 2-10 ) could be sampled. In addition, the step size was set in the range of 1-15 lm, which is about 100 times smaller than the size of the analyzed grains, so that a sufficiently large amount of data could be collected.
Results
Bulk-rock crystal preferred orientations
As shown in Fig. 8 , the maxima of the [100] and [010] axes of olivine tend to align subparallel to the lineation and subperpendicular to the foliation, respectively. In addition, we observed some subordinate components of olivine [001] axes plunging at high angles relative to the foliation in some samples (ZQ1 and ZQ65; Fig [001] axes are located close to the boundary between random and girdle ( Fig. 9) . These results agree well with the value of the shape parameter (K), which is larger and smaller than '1' for the [100] and [010] axes of olivine, respectively (Table 2) . Therefore, the integrated CPO patterns, point-girdle-random components, and shape parameters of the three principal crystallographic axes allow our olivine fabrics to be termed A-/D-type fabrics (intermediate between A-and D-type fabrics; a perfect D-type fabric is also termed an axial-[100] or [100]-fiber pattern), which have been widely observed in natural peridotites (e.g. Tommasi et al., 2004; Michibayashi et al., 2006a Michibayashi et al., , 2006b Bascou et al., 2008; Falus et al., 2008; Le Roux et al., 2008; Warren et al., 2008; Jung et al., 2009a; Satsukawa et al., 2010; Soustelle et al., , 2013 Kaczmarek & Tommasi, 2011; Morales & Tommasi, 2011; Higgie & Tommasi, 2012; Palasse et al., 2012; Michibayashi & Oohara, 2013; Frets et al., 2014; Zaffarana et al., 2014) and simple-shear experimental samples (e.g. Bystricky et al., 2000; Zhang et al., 2000; Jung & Karato, 2001a; Jung et al., 2006; Demouchy et al., 2012; Hansen et al., 2014) . . This CPO pattern of orthopyroxene ( Fig. 8a 0 -e 0 ) is also the most common one that has been observed in both naturally and experimentally deformed orthopyroxene (e.g. Nazé et al., 1987; Le Roux et al., 2008; Tommasi et al., 2008; Jung et al., 2010 Jung et al., , 2013 Frets et al., 2012; Palasse et al., 2012; Harigane et al., 2013; Manthilake et al., 2013; Soustelle et al., 2013; Wang et al., 2013b) . The [001] axes of orthopyroxene fall into both point (K > 1, ZQ60 and ZQ65) and girdle (K < 1, 12YSG-15, ZQ1, and ZQ48) regions with high components of random distribution ( Fig. 9) , which is consistent with their CPO patterns ( Fig. 8a 0 -e 0 ). In contrast, both the [010] and [100] axes of orthopyroxene plot within the random area of the diagram, with a comparatively less random distribution for the [100] axis ( Fig. 9 and Table 2 ). The oblique angle between the densest clustering of olivine [100] and orthopyroxene [001] axes is estimated to be 18-36 (Table 1 , Fig. 8 ), which is a value commonly observed in naturally deformed peridotites (e.g. Tommasi et al., 2004; Le Roux et al., 2008; , and is usually attributed to the lower finite strains accommodated by stronger orthopyroxene compared with weaker olivine crystals (Mackwell, 1991) . Despite a limited number of available grains, clinopyroxene still exhibits a discernible CPO pattern resembling that of orthopyroxene (Supplementary Data Fig. S3 ).
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Single-crystal subgrain microstructures
About 20 olivine grains from each sample were analyzed, and representative and complete results of the analysis are shown in Figs 11-13 and Supplementary Data Figs S4-8, respectively. The olivine subgrain boundaries are predominantly parallel to the (100) plane b) , with a minority parallel to the (001) plane (Fig. 12b) , and rarely parallel to the (010) plane. Combined with the distributions of rotation axes, the slip planes could be inferred, and slip systems for olivine were determined accordingly b) . After summarizing the measurements of about 100 olivine grains in five samples (Fig. 12d) , we found that about 74% of the olivine grains show dominant and equally activated slip systems of (010) Fig. 13a-e) , based on the slip system identification diagram (Fig. 12c ) and the geometrical 
Topotactic serpentinite
Deformed serpentinite
*Reference axes defined as follows: 1, normal to foliation, 2, lineation; 3, perpendicular to both 2 and 3 directions (i.e. z ¼ 1,
† Data from Jung (2011). relationships between the rotation axes and subgrain boundaries in each analyzed grain. However, in the synthesized data, the (001)[100] slip system is more activated than the others (Fig. 13f) .
The slip systems of orthopyroxene were determined in a similar manner. Because most orthopyroxene grains show weak undulose extinction, only eight orthopyroxene crystals with clear kink bands [similar formation mechanism to that for subgrain boundaries; see Vernon (2004) ], where either the slip direction or plane could be unambiguously inferred, were selected for analysis ( Fig. 14 and Supplementary Data Fig. S9 ). The observed kink bands are mostly parallel to the (001) plane, indicating a dominant [001] slip direction, such as (100) [001] (Fig. 14a) , (010)[001] and {210}[001] slip systems (Fig. 14b) . However, a few orthopyroxene grains also display (0vw) kink bands, implying the activation of a [0vw] slip direction such as (100) [012] and (100)[0vw] (Fig. 14c) . These slip systems and their intensities can also be inferred from the synthesized data for all samples for which the rotation axes of all measurements were plotted ( Fig. 14d and e).
WATER CONTENT OF ORTHOPYROXENE Analytical methods
Unpolarized Fourier transform infrared (FTIR) absorption spectra were used to measure the water content in nominally anhydrous minerals (NAM, olivine and pyroxene) on doubly polished thin slices. Prior to IR analysis slices with a thickness of 150-350 lm were polished, bathed in acetone for more than 24 h to remove any residual adhesive, and finally dried at 120 C for more than 24 h to remove the free water residing on the slice surfaces and grain boundaries or cracks. Measurements were performed at room conditions using a Nicolet 6700 spectrometer with a Continuum IR Microscope at the Tectonophysics Laboratory, SNU. An unpolarized light source, a KBr beam splitter and an MCT detector cooled with liquid nitrogen were used. Throughout the IR measurement dry and pure nitrogen gas was flushed into the system to prevent disturbance caused by moisture in the atmosphere. The IR spectrum was derived from an average of a series of 128 scans with a resolution of 4 cm -1 . Because of ubiquitous cracks and inclusions, we carefully selected areas in the grains that were free of optical inclusions and cracks, Fig. 13 . Distribution of olivine rotation axes in (a-e) the studied samples and (f) a synthesis of all samples. Rotation axes from $20 analyzed olivine grains were plotted for each sample; rotation axes from $100 olivine grains in five studied samples were plotted for the synthesized sample. Data are for neighbouring-pair rotation axes with misorientation angles of 2-10 , and are contoured with a half-width of 5 in equal-area lower-hemisphere inverse pole figures. and used various-sized rectangular apertures (40-100 lm in length) depending on the shape and size of the clean regions. The IR spectra for clinopyroxene grains were not measured, owing to their small grain size and sporadic occurrence.
Because of the significant noise-to-signal ratio in olivine (see results section below and Fig. 15 ), only the water content in orthopyroxene was determined. The water content in the analyzed orthopyroxene grains was calculated using a modified form of the BeerLambert law (e.g. Xia et al., 2010) :
where c is the hydroxyl concentration (weight ppm H 2 O), D is the unpolarized integrated area (cm -1 ) of absorption bands in the region of interest, I is the integral specific absorption coefficient (ppm -1 cm -2 ), t is the thickness (cm), and c is the orientation factor accounting for the anisotropy of the crystal as discussed by Paterson (1982) . Baseline corrections were carried out by drawing a straight line from 3900 to 3100 cm -1 , using the automatic baseline correction mode in the OMNIC software. The wavenumber range of 3700-3100 cm -1 was chosen for calculating OH integral absorbance for orthopyroxene with the aid of the peak area tool in the OMNIC software. An integral specific absorption coefficient of 14Á84 ppm -1 cm -2 (Bell et al., 1995) and an orientation factor of 1/3 were used for orthopyroxene in the unpolarized measurements. The discrete slice thickness at the position of each IR analysis was measured. To minimize the difference between the unpolarized average integrated absorbance (3 Ð A unpol;avg ) from randomly oriented anisotropic minerals and polarized total integrated absorbance ( Ð A tot ), 10-30 grains of orthopyroxene were analyzed in most samples. This approximation assumes that the water content is homogeneous between grains, and the averaged value was thus taken to be representative of the water content of that mineral in a specific sample (e.g. Asimow et al., 2006; Ková cs et al., 2008) . Because the maximum linear absorbances of orthopyroxene are fairly small (Fig. 15 , less than 0Á1 absorbance units), the water content calculated using this method would be underestimated by no more than $20-30% (see Withers, 2013, fig. 4 ).
For comparison, we also calculated the water content for the same orthopyroxene measurements using the calibration of Paterson (1982) , in which the integral molar absorption coefficient is frequency-dependent (i.e. wavenumber-dependent) rather than mineral-specific (Paterson, 1982) :
where C OH is the hydroxyl concentration (ppm H/Si or wt ppm H 2 O), X i is the density factor, c is the orientation factor, and A(m) is the absorbance in cm -1 at a given wavenumber m. The density factors of orthopyroxene are 29810 (ppm -1 cm) and 1337 (ppm -1 cm) for the hydroxyl concentration units of ppm H/Si and wt ppm H 2 O, respectively. The same orientation factor (c ¼ 1/3) and ranges of integrated wavenumber (m ¼ 3700-3100 cm -1 ) as used in the previous method were applied. 
Results
Despite careful sample preparation and analytical processing, some noise, of nearly constant amplitude, was still observed in most of the olivine spectra (Fig. 15) . The cause of this noise is unclear. Based on the least noise-disturbed spectra of olivine from sample 12YSG-15, there seem to be no significant hydroxyl absorption bands in olivine, implying that olivine might contain very little or no water at all.
In contrast, the orthopyroxene displayed a much higher IR absorbance than the olivine. As shown in Fig. 15 , the orthopyroxene grains from different samples consistently show a broad peak containing three major OH absorption bands with decreasing absorbance at 3414-3425, 3516-3518, and 3556-3563 cm -1 . This group of OH bands belongs to the high-energy Group I bands of orthopyroxene as defined by Ingrin & Skogby (2000) , and has been frequently observed in other natural orthopyroxenes (e.g. Skogby et al., 1990; Gose et al., 2009; Mosenfelder & Rossman, 2013 (Rauch & Keppler, 2002; Stalder & Skogby, 2002; Mierdel et al., 2007) . The average water content of orthopyroxene was estimated to be in a narrow range of 38-44 wt ppm, except for sample ZQ48, which showed a higher value of 66 ppm ( Table 1) . The variations of orthopyroxene water content are relatively small with standard deviations of 4-9 ppm for the studied samples (Table 1) . However, the calculated water contents in orthopyroxene were systematically lower (17-28 ppm) when the calibration of Paterson (1982) was applied (Table 1) .
SEISMIC PROPERTIES Analytical methods
Bulk-rock seismic velocities and anisotropies can be calculated by solving the Christoffel equation, for which the macroscopic elastic stiffness tensor <C ij > and bulk density are required. The <C ij > can be estimated by averaging the single-crystal elastic stiffness tensor (C ij ) of all mineral grains over all orientations acquired by EBSD analysis. Bulk density is the weighted average of single-crystal density and mineral volume proportions. The entire calculation procedure can be conveniently processed using the petrophysical software developed by Mainprice (1990) . For the approximate calculations of the seismic properties of harzburgite, we used a normalized mineral assemblage of olivine þ orthopyroxene (i.e. totaling 100%, in terms of their ratios), neglecting the contributions of minor clinopyroxene and spinel. The single-crystal elastic stiffness tensors at ambient conditions for olivine (Abramson et al., 1997) and orthopyroxene (Chai et al., 1997) , and the Voigt-Reuss-Hill averaging scheme were applied. In addition, the seismic properties of an averaged sample based on the five studied harzburgites were also calculated. This average sample was treated as a rock consisting of 10 mineral aggregates [two mineral aggregates (olivine and orthopyroxene) Â five samples]. The volume proportion of each mineral aggregate was calculated by dividing the normalized volume proportions of each mineral aggregate (i.e. olivine and orthopyroxene) in each sample by the number of samples (five). In comparison with another treatment that synthesizes a virtual rock composed of two minerals (olivine and orthopyroxene) and combines orientation for olivine and orthopyroxene from five samples to make orientation files for olivine and orthopyroxene aggregates separately, the approach we applied can minimize the influences of different numbers of mineral orientation data between samples on the calculated bulk-rock seismic properties. One noteworthy aspect is that the seismic velocities and anisotropies are bulk-rock properties. Therefore, a CPO obtained by using all the data from EBSD mapping in the entire thin section area would be the most appropriate procedure for calculating the seismic properties. The main difference between using all the data from EBSD mapping and one measurement per grain for determining CPOs is that the fabric strength (i.e. the M-or J-index) is usually lower for the latter method, whereas the symmetry of the CPO is only slightly altered Falus et al., 2011) . The reasons for the different fabric strengths are twofold. One is the extrinsic factor that the occurrence of very small grains is imperfectly indexed by EBSD mapping. The other is the intrinsic factor that a heterogeneous rock texture (e.g. bimodal distribution of grain size) can bias the CPO results for large grains when EBSD mapping is used.
In this study, the mineral CPOs were measured using the method of one measurement per grain. Owing to the complicated factors that result in the variations of fabric strengths between the two EBSD analysis methods described above, it is not clear exactly how much the fabric strength of our CPO data deviates from the real value. Nevertheless, based on an empirical relationship between olivine fabric strength and the difference in olivine fabric strength between these two methods , it is estimated that our olivine fabric strength (J ¼ 4Á19-7Á01, Fig. 10 ) might be $20% lower than the olivine fabric strength estimated using all data from EBSD mapping. This fabric difference would thus result in a similar ($20%) underestimation of the bulk-rock seismic anisotropies. In contrast, isotropic seismic velocities are not controlled by CPO strength, but are more sensitive to mineral modal compositions.
Results
The seismic properties of the averaged harzburgite sample were calculated at ambient P-T conditions and are presented in the xz structural plane (Fig. 16 ). In the analyzed samples, P-waves and slow shear waves (S 2 ) are fastest when propagating subparallel to the lineation (in the direction of the olivine [100] axis), and form slow velocity girdles when travelling subperpendicular to the lineation. The fast shear wave (S 1 ) velocity exhibits a bimodal maximum bisecting the angle between the lineation and the direction perpendicular to lineation on the foliation, and a minimum in the direction subnormal to the foliation. These P-wave and S-wave velocity patterns thus yield axial and orthorhombic distribution patterns of V p /V s1 and V p /V s2 ratios, respectively. Similar to the P-waves and slow shear waves, both V p /V s1 and V p / V s2 contain the maximum ratios at low angles to the lineation and minimum ratios at high angles to the foliation. In contrast, the shear-wave splitting induced shear velocity difference (dV s ¼ V s1 À V s2 ) and birefringence (AV s ) are lowest when the shear wave is propagating at a low angle to the lineation, and form high-value girdles subnormal to the lineation with a maximum parallel to the foliation. The polarization directions of the fast shear wave are always parallel to the lineation that is subparallel to the olivine [100] maximum. The intensities of seismic anisotropies show no significant variation among the studied samples, and are generally correlated with the fabric strengths of olivine (Table 1 ). The average sample shows a P-wave anisotropy (AV p ), fast and slow shear wave azimuthal anisotropies (AV s1 and AV s2 ), and a maximum shear wave polarization anisotropy (maximum AV s ) of 8Á2%, 1Á4%, 5Á4%, and 6Á07%, respectively. 
DISCUSSION
Conditions of plastic deformation Pressure-temperature-stress and tectonic conditions
A previous study has proposed that the Yushigou harzburgites represent a highly refractory fragment of a fossil fore-arc mantle; this interpretation is mostly consistent with the petrotectonic associations in the field, and is corroborated by the detailed petrology and geochemistry of the rocks (Song et al., 2009b) . In this context high-degree partial melting ($25-30%) thus necessitates high-temperature (T > 1100 C) and water-rich conditions that are known to occur only in young and warm fore-arc mantles (i.e. juvenile subduction zones; Crawford, 1989; Kim & Jacobi, 2002) . However, it is noteworthy that the inferred petrogenetic setting of a fore-arc mantle is associated with, and only accountable for, the signatures of partial melting and melt/ fluid-rock reactions that these rocks have experienced. The tectonic conditions under which plastic deformation has occurred are not obvious and need to be clarified. In other words, were the deformation microstructures and mineral fabrics of the studied harzburgites acquired in the fore-arc mantle or in the course of exhumation (i.e. a mantle shear zone), or both?
The absence of the high-pressure aluminous phase garnet (or its pseudomorph) in our spinel harzburgites suggests that the equilibrium pressure was less than 2-3 GPa (or depth <65-100 km) based on the maximum pressure stability of spinel ($2-3 GPa) at bulk-rock Cr# of $0Á6-0Á7 (Klemme, 2004) . Likewise, the absence of the low-pressure phase plagioclase in our spinel harzburgites indicates that the equilibrium pressure was higher than 0Á5-1Á0 GPa (or depth > 20-35 km) (Green & Ringwood, 1967) . These pressure stabilities of Al-bearing mineral phases provide a loose but reliable constraint on the deformation pressure conditions of $1-2 GPa ($35-65 km depth) for the harzburgites.
The observed dominant high-temperature olivine [100]-slip (especially the (010)[100] slip system; see below) rather than low-temperature [001]-slip dislocations in the studied harzburgites implies that plastic deformation probably occurred at a temperature higher than $1100 C (Carter & Ave'Lallemant, 1970; Karato et al., 2008; Demouchy et al., 2013 Demouchy et al., , 2014 Mussi et al., 2015) . The inferred dominant (100)[001] slip system for our Al 2 O 3 -and H 2 O-poor orthopyroxene (see below) is also consistent with high-temperature deformation conditions (T > 900 C) (Ohuchi et al., 2011; Manthilake et al., 2013) . In addition, most of the coarse-grained and subgrain-bearing olivine grains display curved and interpenetrating olivine grain boundaries, suggesting pervasive and intensive synkinematic (i.e. synchronous with subgrain formation and rotation) grain boundary migration processes (Fig. 6a, c, e and f) . The kinetics of the grain boundary migration process is controlled by the mobility of the boundary and the driving force, and, in general, the former is temperature sensitive and the latter is stress-dependent (Poirier, 1985; Karato, 2008a) . In the case of olivine-rich rocks (e.g. harzburgite and dunite), the pervasive and intensive GBM process is favored, and thus represents deformation under hightemperature near-solidus conditions (>1100-1200 C) and relatively high stress (at least, stress large enough for dislocation creep) (e.g. Falus et al., 2011; Frets et al., 2014) . The deformation temperature can also be inferred using the flow law of olivine. Taking into account the range of natural strain rates ($10 -15 -10 -13 s -1 ) and estimated stress (see below), we constrained the deformation temperature to $1000-1300 C in a dislocation creep regime (Fig. 17) . Therefore, the temperature constraints from all the methods described above suggest that our harzburgites were deformed at temperatures of about 1100-1300 C, consistent with the thermal conditions of the lower lithosphere to asthenosphere, and obviously higher than the common thermal states of mantle shear zones (upper to middle lithospheric mantle, T < 1000 C) (Bü rgmann & Dresen, 2008) . Utilizing the dry olivine recrystallized grain-size piezometer of Van der Wal et al. (1993) and the dry olivine subgrain-size piezometers of Karato et al. (1980) and Ross et al. (1980) , the average differential stress of harzburgites was estimated to be in the range of 3-4 MPa and 1-3 MPa, respectively (Table 1 and Fig. 17 ). In our coarse-grained protogranular harzburgites, the lack of a conspicuous porphyroclastic texture (Fig. 5) implies that the dominant large olivine grains could be approximately treated as 'recrystallized grains' for the stress calculation. Because the same olivine grains with distinct subgrain textures were used to measure the recrystallized grain size and subgrain size, the slight difference between the stress values estimated from crystallized grain size and subgrain size piezometers suggests that an approximate stress equilibrium between subgrains and their host grains may have been attained in the specimens. In fact, the slight but systematically higher stress values estimated from the grain size compared with the subgrain size piezometers might be partly caused by the pinning of migrating grain boundaries (or grain growth) by second phase pyroxenes in our harzburgites (leading to a smaller grain size and higher estimated stress) (e.g. Evans et al., 2001; Linckens et al., 2011) , whereas the size of the subgrain is mainly correlated with stress and is not affected by second phases (e.g. Hansen & Warren, 2015) . The estimated stresses ($1-4 MPa) for our harzburgites are fairly low (but enough to drive the migration of olivine grain boundaries, as we observed) and are consistent with their coarse-grained protogranular texture. This inferred low stress level corresponds to typical lower lithosphere or asthenosphere conditions (<10 MPa, dislocation and diffusion creep regimes) (Kneller et al., 2005 (Kneller et al., , 2007 Falus et al., 2008; Katayama, 2009) , and is thus different from the deformation condition in mantle shear zones, which are generally characterized by a higher stress state (>10 MPa, dislocation creep regime) (Bü rgmann & Dresen, 2008).
On the basis of the above estimated pressure, temperature, and stress conditions, it is concluded that our harzburgites were deformed in high-temperature and low-stress lower lithosphere or asthenosphere conditions, where deformation is pervasively distributed, and escaped from, or were only weakly affected by, deformation in a low-temperature and high-stress mantle shear zone, in which strain is strongly localized, in the course of their exhumation. The high temperature ($1000-1300 C) occurring at a shallow mantle depth ($35-65 km) probably indicates a shallow lithosphereasthenosphere boundary (LAB), which is often related to a high heat flow region that experiences shallow mantle upwelling and/or melting, such as a mid-ocean ridge (e.g. Chapman & Pollack, 1977; Kumar et al., 2005; Kumar & Kawakatsu, 2011) and juvenile spreading forearc regions (Ishizuka et al., 2006) . Integrating the inferred petrogenetic setting of young and warm forearc mantle (see above), it is therefore reasonable to consider that our samples were deformed in the same tectonic conditions.
The strong overprinting by low-temperature and high-stress deformation in a mantle shear zone during the exhumation process is probably documented in other harzburgites studied by Song & Su (1998) from the same locality. In contrast to our coarse-grained protogranular harzburgites, their harzburgites displayed better developed foliation and lineation, as well as a typical porphyroclastic textures (olivine and orthopyroxene porphyroclasts $2-4 mm in size vs recrystallized olivine and orthopyroxene grains $0Á5-0Á7 mm in size). Furthermore, their harzburgites showed B-/AGtype olivine fabrics (see Fig. 1 for the first-order features of this olivine fabric), whereas associated dunite that typically has an equigranular, granoblastic texture exhibits an A-/D-type olivine fabric similar to our harzburgites (Song & Su, 1998) . Based on the smaller recrystallized olivine grain and subgrain sizes ( Fig. 7a  and b) , Song & Su (1998) estimated stress values of 26-34 MPa, higher than those for our samples. This level of stress is consistent with the typical porphyroclastic texture of their samples, and the stress conditions in a mantle shear zone (Bü rgmann & Dresen, 2008) . The coexistence of coarse-grained protogranular (this study) and porphyroclastic (Song & Su, 1998) samples imply that the spatial distributions of strain and stress could be fairly heterogeneous in a mantle shear zone. The domains that contain porphyroclastic and/or mylonitic samples (e.g. the mylonitized margins of the ultramafic blocks, Fig. 3d ) can accommodate most of the strain and stress via positive feedback between dynamic recrystallization and rheological strength (i.e. the more porphyroclastic and/or mylonitic the texture, the weaker the rock strength, and vice versa, because of dynamic recrystallization-induced grain-size sensitive creep), and can thus protect the other domains from significant influence of exhumation-related shearing, so that the original coarsegrained protogranular texture (including the grain and subgrain sizes) and the deformation it recorded in fore-arc mantle can be well preserved.
Original water content in the specimen
The water concentrations in orthopyroxene estimated using the calibrations of Bell et al. (1995) and Paterson (1982) are 38-66 and 17-28 ppm, respectively (Fig. 18 and Table 1 ). The exact reasons for this discrepancy in water content between the two calibration methods are not clear, but could be related to their internal absolute difference, which amplifies the relative difference at low water content values. Nevertheless, both results suggest that the water content of orthopyroxene falls at the lower end of the water content distribution of natural orthopyroxene in mantle peridotites [10-460 ppm; summary of orthopyroxene water contents by Warren & Hauri (2014) ], which indicates very dry mantle conditions. For convenience, in the discussion below, we use only the water content results based on the calibration of Bell et al. (1995) . However, it has to be confirmed that the water content measured in the orthopyroxene is representative of the original mantle conditions, particularly if the influence of the exhumation process in modifying (either increasing or decreasing) the original water content in our peridotites is negligible. First, the very fresh nature of our samples excludes significant weathering and hydrous-phase alteration during exhumation. Second, although the water contents in the core and rim of the orthopyroxene grains were not distinguished separately in our study, the small standard deviations for water content (4-9 wt ppm) in the studied samples suggest that minimal water loss has occurred from the orthopyroxene grains. Third, the extremely low water contents in orthopyroxene and the bulk-rocks (see below on the estimation of bulk-rock H 2 O content) are well correlated with the very low Al 2 O 3 contents in these samples (Fig. 18b and c) . This relationship can be explained by the incompatible behavior of water and Al 2 O 3 during partial melting (e.g. Hirschmann, 2006) , as well as the aluminum-controlled solubility of water in orthopyroxene, because the coupled substitution Al 3þ þ H þ is the main mechanism for water incorporation in orthopyroxene (Rauch & Keppler, 2002; Mierdel et al., 2007) . The good correlation between water content and Al 2 O 3 concentrations in orthopyroxene also implies that no significant water loss has occurred from the orthopyroxene during exhumation (Peslier et al., 2002; . The water content is less controlled by the redox state of the peridotite, because the water content is sufficiently below the expected value at measured spinel Fe 3þ concentrations and calculated oxygen fugacity ( Fig. 18d and e) , assuming that redox state is a major factor constraining water content in orthopyroxene.
The observed low water contents in orthopyroxene could, therefore, represent the original water content in the mantle. The phenomenon that orthopyroxene can preserve its original mantle hydration state has also been observed in many other studies; this is generally ascribed to the sluggish water diffusion rate in orthopyroxene (e.g. Peslier et al., 2002 Peslier et al., , 2012 Warren & Hauri, 2014) . In contrast, the estimated water content in natural olivine is rarely found to represent the original values present in the mantle, because of efficient water loss owing to extremely fast hydroxyl diffusion rates at high temperature, decreasing solubility of water with decreasing pressure, and slow emplacement rates (e.g. Mackwell & Kohlstedt, 1990; Kohlstedt et al., 1996; Demouchy et al., 2006; Peslier & Luhr, 2006; Denis et al., 2013; .
In this study, owing to the high noise-to-signal ratios, the precise water content in olivine was not constrained. Based on the empirical relationship between olivine and orthopyroxene water contents in natural peridotite samples (continuous line in Fig. 18a) (Peslier et al., 2002; Peslier & Luhr, 2006; Falus et al., 2008; Soustelle et al., , 2013 Warren & Hauri, 2014) , however, the water contents at present preserved in the olivine of our samples are inferred to be lower than 1 ppm or even zero. This speculation is consistent with the barely identifiable hydroxyl absorption peaks, even in some good IR absorption spectra of olivine (12YSG-15, Fig. 15 ). On the other hand, the original water content of olivine that equilibrated with orthopyroxene in the mantle can be calculated from the orthopyroxene water contents using known Opx-Ol partition coefficients. By applying the experimentally determined average Opx-Ol partition coefficient D Ol=Opx H2O of 0Á11 6 0Á03 [the water content in olivine is based on the calibration of Bell et al. (2003) or secondary ion mass spectrometry (SIMS) analysis], which is obtained from low-pressure (<2 GPa) aluminum-bearing experiments (Koga et al., 2003; Aubaud et al., 2004; Hauri et al., 2006; Grant et al., 2007) that have similar pressure conditions and chemical compositions to our harzburgites, we obtained average water contents of 4-7 ppm for olivine, and 9-14 ppm for the bulk-rocks using the volume proportions of olivine and orthopyroxene (Table 1 ). This water content of olivine can be converted, by multiplying by a factor of approximately 1/3, to the calibration of Paterson (1982) Mosenfelder et al., 2006) ($1Á5-2Á5 ppm H 2 O or $24-40 ppm H/Si, Fig. 18a ). This estimated original water content in olivine corresponds to dry conditions (<200 ppm H/Si, Paterson's Paterson (1982) . Experimentally determined equilibrium relationships between water contents of olivine and orthopyroxene are shown by dashed lines. These relationships were used to estimate the original equilibrated water contents in olivine and orthopyroxene, which are denoted by grey boxes. The water present in olivine is trivial, probably because of the loss of water owing to fast diffusion (grey dashed arrows), with inferred concentrations based on the water content relationship between olivine and orthopyroxene observed in natural samples (continuous line). calibration) in olivine deformation experiments (e.g. Jung & Karato, 2001a; Katayama et al., 2004; Jung et al., 2006 Jung et al., , 2009b Karato et al., 2008) , and thus suggests that our harzburgites were deformed in a dry mantle.
One remaining question concerns the origin of the water in our harzburgites. It is known that both water and Ce have similar incompatibilities at high temperature during partial melting (e.g. Michael, 1995) ; thus both melt and residue would have similar bulk-rock H 2 O/Ce ratios regardless of melting degree (Fig. 18f) . Based on modeled REE concentrations at variable melting degrees (Fig. 4) and equilibrated H 2 O/Ce ratios ($250, Fig. 18f) , it is estimated that almost no Ce (<1 ppb) and H 2 O (<0Á1 ppm) can be preserved in the residue after $25-30% of fractional partial melting. This result is obviously inconsistent with the appreciable Ce and H 2 O contents found in our harzburgites that had previously been intensively melted. The strongly deviating bulk-rock H 2 O/Ce ratios (much higher water content but strongly depleted Ce) that are observed in many natural peridotites (Fig. 18f) , can be attributed to latestage melt/fluid-rock reaction at low temperatures (i.e. T < 1000 C), during which only hydrogen can diffuse fast enough to attain equilibration (Warren & Hauri, 2014) . In our harzburgite samples, low but significant water contents of the bulk-rocks (9-14 ppm) and nondeviated bulk-rock H 2 O/Ce ratios (Fig. 18f ) thus indicate high-temperature (i.e. T > 1000 C) reaction with hydrous melts (probably boninite) postdating high-degree partial melting, whereby a small quantity of equilibrated H 2 O and Ce was added back into the system during the metasomatic event . The refertilization of Ce is clearly indicated by the U-shaped REE patterns of the bulk-rocks [ Fig. 4 and Song et al. (2009b) ]. Although the reacting melt could be fairly water-rich in a fore-arc mantle setting, the amount of water that was absorbed in the orthopyroxene and equilibrated olivine (or bulk-rock) during melt/fluid-rock reactions (Fig. 4 and Supplementary Data Fig. S2 ), is probably controlled by the amount of reacting melt/fluid, which is considered to be very small (see below), as well as the capacity for incorporation or solubility of water in the rock. The latter, in our case, is related to the highly refractory nature (i.e. high degree of partial melting) of the harzburgites ( Fig. 18b and c ; .
Plastic deformation of olivine and orthopyroxene
Olivine slip systems
First, we attempt to infer the slip system based on the characteristics of the observed olivine A-/D-type CPO patterns. As a first-order observation, the lineation subparallel maxima of [100] axes and the foliation subperpendicular maxima of [010] axes (Fig. 8a-e) suggest that olivine was mainly deformed as the result of a dominant (010)[100] slip system (Jung et al., 2006) . In addition, based on the modeling of CPO evolution in a deforming polycrystalline aggregate (Tommasi et al., 1999 (Tommasi et al., , 2000 , the crystallographic axes corresponding to the slip direction and pole of the slip plane tend to orient faster than the remaining axes. Therefore, these two axes would have higher fabric strengths than other crystallographic axes. In our olivine, the fabric strength order of the axes (pfJ [100] > pfJ [010] > pfJ [001] , Fig. 10a ) is thus consistent with the dominant slip system of (010) (Tommasi et al., 1999) .
The second-order features of lineation-perpendicular complete or incomplete girdles of [010] or [001] axes (Fig. 8d) , may imply that there exists slip on subordinate planes (e.g. (001)[100] and {0kl} [100] ). This inference, however, is strictly linked to the deformation regime of simple shear. In other words, these secondary features of olivine CPOs can also be produced solely by activing the (010)[100] slip system under a variation of 3D deformation kinematics (i.e. deviation from simple shear to transtension) (Tommasi et al., 1999) . To understand the possible existence and/or activation extent of other slip systems besides (010)[100], a microscopic analysis of the types of dislocation and their relative abundance is needed.
A subgrain-based EBSD scan is a useful tool whereby detailed information about the state of dislocations in a grain can be obtained (see above). The predominant (100) (Figs 11a-c and 12a, b) , minor (001) (Fig. 12b) , and rare (010) plane parallel subgrain boundaries in olivine indicate that [100] is the dominant slip direction, [001] is a minor slip direction, and that the (010) twist wall is rarely activated. Based on statistics (the total frequency of all slip systems is over 100%; see Fig. 12d ) and multiple densities of rotation axis distributions (Figs 11c and 12a, b) , it is suggested that multiple slip systems are commonly activated in a single olivine crystal. In contrast to the dominant slip system of (010)[100] that is inferred from olivine CPO patterns, the (010) Fig. 12d ).
Orthopyroxene slip systems
The parallelism of pronounced mineral fabrics in olivine and orthopyroxene (Fig. 8) , and their intra-crystalline plasticity features (Figs 6, 11, 12 and 14) , suggest that olivine and orthopyroxene are deformed contemporaneously. In a similar manner to olivine, the first-order feature of orthopyroxene CPOs in which the maxima of the [001] and [100] axes align subparallel to the lineation and subnormal to the foliation, respectively (Fig. 8a 0 -e 0 ), indicate that the deformation of orthopyroxene was mainly accommodated by the dominant (100)[001] slip system. Likewise, the fabric strength order of the three principal crystallographic axes (pfJ [001] > pfJ [100] > pfJ [010] , Fig. 10b ) and the less random distribution of the [100] axes compared with the [010] axis (Fig. 9 ) are also consistent with a dominant (100)[001] slip system under simple shear.
Combined with the EBSD results of rotation axis distributions and kink band geometries, it is inferred that orthopyroxene was generally deformed by dominant (100) [001] and subordinate (010)[001] slip systems, with minor (100) [010] and (100)[0vw] slip systems (Fig. 14) . The higher density of the (100)[001] slip system compared with the (010)[001] slip system agrees with more (larger pfJ-index) [100] than [010] axes aligning perpendicular to the foliation (Fig. 8a 0 -c 0 and e 0 ). In contrast, the fact that the maximum of neither the [100] nor the [010] axes is aligned normal to the foliation but at $45 to the foliation in sample ZQ60 (Fig. 8d 0 ) could be explained by the nearly equal activations of (100)[001] and (010)[001] slip systems in the orthopyroxene. More noticeably, the activation of secondary (100) 0 -e 0 and 9). As an analogue to olivine (Tommasi et al., 1999) , these second-order features of orthopyroxene CPOs are, however, generally considered to be the result of the activation of only [001]-glide slip systems under a variation of the 3D deformation kinematics (i.e. deviation from simple shear to transpression). Unlike olivine, the rotation axis distributions for orthopyroxene faithfully reflect the characteristics of their CPO patterns (i.e. the same dominant slip system is inferred from the two methods), which has also been observed in other studies Kaczmarek & Tommasi, 2011) . In nature, various CPOs of orthopyroxene have been reported by Jung et al. (2010) , but more research on the relationship between the CPO and dominant slip system of orthopyroxene is needed.
Genesis of B-type olivine fabrics
As discussed above, Song & Su (1998) found B-/AGtype olivine fabric (Fig. 1) in both the porphyroclastic and recrystallized domains of one harzburgite sample from the study locality. Unlike our coarse-grained protogranular samples, their harzburgites showed typical porphyroclastic textures, and thus probably represent an exhumation-related deformation event in a lowtemperature and high-stress mantle shear zone. Inconsistent with the bulk-rock B-type olivine fabric, which normally implies a significant contribution from an (010)[001] slip system that is activated at lowtemperature, high-stress, and water-rich conditions (mechanism 1) (Jung & Karato, 2001a; Jung et al., 2006; , the dislocations in their olivine single crystals mostly have slip directions along the [100] axis and bear other microstructures (e.g. twist walls, bowing-out, and loops) indicative of hightemperature deformation. Therefore, we suspect that the B-/AG-type olivine fabric observed by Song & Su (1998) was probably formed by dispersing the [100] axes off the lineation and aligning the longer [001] axes towards the flow direction via rotation of olivine grains (i.e. grain boundary sliding enhanced by grain-size refinement) in the precursor coarse-grained A-/D-type fabric sample (mechanism 2) (Pré cigout & Hirth, 2014) . This process of grain boundary migration is favored by small olivine grain sizes, which correspond to porphyroclastic and mylonitic textures that generally occur in a low-temperature and high-stress mantle shear zone.
Mechanisms 1 and 2 have the common requirements of low-temperature and high-stress conditions, which are consistent with the fact that natural B-type olivine fabrics are mostly found in porphyroclastic and/ or mylonitic peridotites (e.g. Mizukami et al., 2004; Tasaka et al., 2008; Jung, 2009; Wang et al., 2013a; Jung et al., 2014; Pré cigout & Hirth, 2014; Park & Jung, 2015) . Unlike these common observations, Skemer et al. (2006) and Kim & Jung (2015) discovered a B-type fabric in foliated peridotites of coarse-grained texture, which could imply either low or high stress when dry and wet grain-size piezometers were used, respectively. However, similar to the other studies mentioned above showing B-type fabrics, the samples of Skemer et al. (2006) and Kim & Jung (2015) are considered to have been deformed at similar low-temperature conditions.
Absence of E-type olivine fabric
Fabric analysis based on the bulk-rock CPO clearly shows that only A-/D-type olivine fabrics are present in our harzburgites (Fig. 8) , and these types of olivine fabric imply the dominant activation of the (010)[100] slip system. However, the inverse pole figures of rotation axis distributions based on the analysis of single-crystal subgrain microstructures suggest that the olivine deformation is dominated by (010) [100] (Fig. 13a, b and e) and/or (001) [100] (Fig. 13c and d) slip systems. The synthesized average sample shows only the dominant (001)[100] slip system (Fig. 13f) , owing to the strong concentrations of rotation axes around the [010] axis (i.e. dominant (001)[100] slip system) and the relatively higher number of measurements in samples ZQ48 (Fig. 13c) and ZQ60 (Fig. 13d) . If (001)[100] is indeed the dominant slip system, then we should expect an E-type olivine fabric in these two samples (see Fig. 1 for the first-order features of E-type fabrics). However, this is contradictory to the observed A-/D-type fabrics (Fig. 8) , and an explanation is needed.
Other than in samples ZQ48 and ZQ60, equal activation of the (010)[100] and (001)[100] slip systems and a dominance of the (001)[100] slip system have also been observed in olivines from other peridotites Falus et al., 2011; Kaczmarek & Tommasi, 2011; Zaffarana et al., 2014) . These results do not seem consistent with the dominant (010)[100] slip system inferred from the olivine CPO figures and fabric strength orders of principal axes. The reasons for this discrepancy are not known, but are probably related to the faster or more extensive recovery of the relatively more mobile (010)[100] slip system compared with the (001)[100] slip system at geological timescales [specifically, many subgrain boundaries built by dislocations of (010)[100] slip systems might have already been consumed during the recovery processes subsequent to the formation of subgrains (for instance, by evolving into new grain boundaries through subgrain rotation) and replaced by neighboring grains via grain boundary migration], because this discrepancy has never been observed in experimentally deformed samples that have been quenched rapidly (Hansen et al., 2011 (Hansen et al., , 2012 (Hansen et al., , 2014 Demouchy et al., 2014) . If this hypothesis is true, the (010)[100] slip system should be the slip system that once dominated during deformation, even though the samples (e.g. ZQ48 and ZQ60) are at present dominated by the (001)[100] slip system, implying an E-type olivine fabric.
Similar to the A-/D-type olivine fabric, E-type fabrics have also been widely reported in natural peridotites (e.g. Tommasi et al., 2000 Tommasi et al., , 2006 Mehl et al., 2003; Michibayashi & Mainprice, 2004; Sawaguchi, 2004; Warren et al., 2008; Jung, 2009; Skemer et al., 2010; Kaczmarek & Tommasi, 2011; Linckens et al., 2011; Palasse et al., 2012; Harigane et al., 2013; Kaczmarek & Reddy, 2013; Michibayashi & Oohara, 2013; Jung et al., 2014; Kim & Jung, 2015; Park & Jung, 2015) . Previous simple-shear experimental studies found that E-type olivine fabrics can be formed via dislocation creep at low stress and moderate water contents ($10-60 ppm H 2 O or $150-1000 ppm H/Si, Paterson's calibration) (Katayama et al., 2004; Jung et al., 2006; Karato et al., 2008) , and this finding has been used to explain many occurrences of E-type olivine fabrics in natural peridotites. Following this interpretation, because the estimated original water content in the olivine from our harzburgites ($1Á5-2Á5 ppm H 2 O or $24-40 ppm H/Si, Paterson's calibration, Fig. 18a ) is significantly lower than the moderate water content in the experimental olivines, the water content in olivine is inconsistent with the presence of an olivine E-type fabric in our harzburgites. Recently, Palasse et al. (2012) suggested that Etype fabrics may also form in low water content conditions (less than $3-4 ppm H 2 O or $50-70 ppm H/Si, Paterson's calibration), based on a fabric analysis of mantle xenoliths from a rifted continental terrane (Baja California). According to their interpretation, it seems that the dominant activation of the (001)[100] slip system or the formation of an E-type fabric should also be favored in our samples. However, we note that unlike our coarse-grained protogranular harzburgites their E-type-like (more precisely A-/E-type, intermediate between A-and E-type) fabric sample shows a typical tabular mosaic texture, implying that their E-type-like fabric can probably be attributed to the annealing or recovery process via modification of the precursor A-/D-type olivine fabric.
Furthermore, there is also a puzzle in the interpretation of Palasse et al. (2012) . Specifically, why does the (001)[100] slip system dominate over the (010)[100] slip system when the water content is low, when the latter slip system is expected to be more activated [A-type olivine fabric; see Jung et al. (2006) ]? In other words, we expect to observe a more activated (010)[100] slip system, or at least equal activation of both (010)[100] and (001)[100] slip systems at these low water content conditions. In fact, previous experimental work has suggested that the (010)[100] and (001)[100] slip systems are the two easiest slip systems in olivine, and have similar strengths, even in dry conditions (Durham & Goetze, 1977; Bai et al., 1991) ; thus both are expected to be dominant. This expectation is actually consistent with the observation of slip systems in both the single olivine crystals (Fig. 11c ) and bulk-rock statistics (Figs 12d and 13) in our harzburgites. The nearly equal activation of dominant (010)[100] and (001)[100] slip systems would not result in an E-type fabric, but would form a D-type fabric (see below).
Formation of D-type olivine fabrics
In the Yushigou harzburgites the deformation mechanism of dislocation creep is explicitly responsible for fabric development in olivine (A-/D-type) and orthopyroxene (also, probably, clinopyroxene). Based on laboratory experiments, numerical simulations, and natural rock investigations, three different sub-mechanisms involving dislocation slip have been proposed to explain the formation of D-type olivine fabrics under dry and low-pressure conditions: (1) activation of multiple slip systems of {0kl}[100] at low-temperature and high-stress conditions relative to A-type or orthorhombic olivine fabrics (Bystricky et al., 2000; Zhang et al., 2000; Jung et al., 2006) ; (2) activation of only the (010)[100] slip system under transtensional deformation regimes (Tommasi et al., 1999) ; (3) activation of dominant (010)[100] and (001)[100] slip systems at high-temperature and low-stress conditions, with strain compatibility constraints relaxed by grain-to-grain interactions (Tommasi et al., 2000) or grain boundary sliding (Warren et al., 2008; Hansen et al., 2012) under moderate transient strain conditions (Hansen et al., 2014) .
The estimated high-temperature and low-stress deformation conditions of A-/D-type olivine fabrics in our harzburgites are indistinguishable from the temperature and stress conditions for deformation in many other natural peridotites that contain clear orthorhombic A-type olivine fabrics (e.g. Falus et al., 2011; Higgie & Tommasi, 2014; Zaffarana et al., 2014) . In the Yushogou harzburgites the dominant (010)[100] and (001)[100] slip systems, which are conventionally considered to form A-and E-type olivine CPOs, respectively, are both favored in low-stress conditions (Zhang & Karato, 1995; Zhang et al., 2000; Katayama et al., 2004; Jung et al., 2006) . These results are different from D-type olivine fabrics in which the {0kl}[100] slip system (i.e. all [100]-glide slip systems are equally activated in single crystals (e.g. Fig. 12a ) as well as the bulk-rock) is considered to be dominantly activated in high-stress conditions (Bystricky et al., 2000; Zhang et al., 2000; Jung et al., 2006) . Although only one sample (ZQ60) has a clear D-type fabric (Fig. 8d) , the stress recorded by this sample appears to be similar to that for the other samples (Table 1) . The relatively weak development of foliation in our harzburgites seemingly favors a transtensional regime, but the fabric strength order of the principal crystallographic axes of olivine and orthopyroxene as well as the weak foliation-subparallel girdle distribution of the orthopyroxene [001] axis do not support transtensional deformation and instead favor a simple shear-dominated regime.
The D-type olivine fabric is also probably caused by the DisGBS process, which is an important mechanism to relax strain compatibility constraints and Von Mises conditions (i.e. five independent slip systems are needed to achieve homogeneous deformation), so that olivine aggregates can be deformed homogeneously with the activation of a limited number of independent (010)[100] and (001)[100] dislocation slip systems. This process occurs with a collateral result that the orientations of [010] and [001] axes are dispersed subnormal to the lineation through rotating and sliding olivine grains via their boundaries (Hirth & Kohlstedt, 1995; Warren et al., 2008; Hansen et al., 2012) . Although the DisGBS process has been confirmed by deformation experiments (Hansen et al., 2011) , it is important to note that this interpretation may not apply to our natural samples because no clear textural evidence of GBS was observed, and the ubiquitous synkinematic penetrating and interlocking olivine grains resulting from intense GBM (Fig. 6e and f) may restrict the activation of GBS, and thus put into question the efficacy of the DisGBS process. Similar questions regarding the reasonability of GBS have recently been raised by Cordier et al. (2014) , who proposed that the motion of grain-boundary rotational crystallographic defects (i.e. disclinations) could be an alternative mechanism to accommodate homogeneous plastic deformation of olivine-rich rocks in the mantle. In other words, in the case of developing D-type olivine fabrics, the strain incompatibility that is caused by activating a limited number of independent dominant (010) [100] and (001)[100] slip systems can be minimized by migrating grain boundaries through disclination motion. Because the nature of disclinations is the rotational incompatibility of crystal lattices, the motion of disclination can induce rotation and dispersion of olivine [010] and [001] axes subperpendicular to the lineation, coeval with the migration of olivine grain boundaries. If this argument holds true, we speculate that disclination-based GBM at high-temperature, low-stress and dry conditions might be a mechanism to produce D-type olivine fabrics in our harzburgites, where GBM processes were intensely activated. To test this hypothesis, detailed examination of the crystallographic sub-microstructures of migrated grain boundaries is needed.
Relationship between partial melting, melt-rock reaction and plastic deformation
It is reasonable to infer that plastic deformation must occur after partial melting, for two reasons: (1) intensive static partial melting ($25-30%, in our case) and associated newly crystallized olivine grains are expected to weaken or even obliterate any strong pre-existing mineral fabrics (e.g. Tommasi et al., 2004; Morales & Tommasi, 2011) ; (2) our A-/D-type olivine fabric requires water-poor conditions (see above) (e.g. Bystricky et al., 2000; Jung & Karato, 2001a; Jung et al., 2006) , which are most likely to be completely anhydrous after a high degree of partial melting (Karato, 2008a (Karato, , 2008b Karato et al., 2008) .
The refractory mineral and whole-rock compositions (Supplementary Data Figs S1 and S4) and low water contents (Fig. 18) imply that despite being affected by high-temperature melt/fluid-rock reactions postdating partial melting (Fig. 4 and Supplementary Data Fig. S2 ) their influences must be limited (i.e. cryptic metasomatism). The reasons for this inference include the following: (1) the observed mineral modal abundances are similar to those of residues resulting purely from highdegree partial melting; (2) no hydrous phases (e.g. amphibole or phlogopite) or fertile components, such as low-Fo olivine and H 2 O-and Al 2 O 3 -rich pyroxenes that have higher water solubility and can thus accommodate more water, characteristic of modal or stealth metasomatism, have been found; (3) strong pyroxene fabrics (Fig. 8a 0 -e 0 and Supplementary Data Fig. S3 ) rule out their genesis as secondary phases during static melt-rock reaction. This cryptic metasomatic event has no appreciable effect on the microstructure and is characterized by extreme fractionation and enrichment of highly incompatible trace elements, which is commonly observed in natural peridotites and can be ascribed to chromatographic fractionation associated with percolation of small-volume melts (i.e. diffuse melt-rock reaction) (Bodinier et al., 1990 (Bodinier et al., , 2004 O'Reilly & Griffin, 2013; Kourim et al., 2014) .
Because of the small volume, the exact influence of percolating melt on plastic deformation in the Yushigou harzburgites is difficult to constrain. If a small instantaneous melt fraction was present at triple junctions or in less interconnected bands in the system synchronous with plastic deformation we would expect that it could result in local stress increase by reduction of the solid contact area between grains, and thus enhance the rate of plastic deformation and development of mineral fabrics (e.g. Hirth & Kohlstedt, 1995; Rosenberg & Handy, 2001; Holtzman & Kohlstedt, 2007) . On the other hand, such a small melt volume would be expected to have a negligible effect on the modification of pre-existing mineral fabrics, if the melt percolation is post-kinematic.
Water is an important agent that can significantly reduce the rheological strength (i.e. viscosity) of an olivine-rich rock in both dislocation and diffusion creep regimes (Mei & Kohlstedt, 2000a , 2000b Karato & Jung, 2003) . The water content of peridotites is negatively correlated with the degree of partial melting (Karato, 2008a) . Despite the limited number of samples, similar rock textures and mineral compositions (i.e. indicative of similar melting degrees, based on our unpublished data) in our analyzed harzburgites, it is still interesting to note that sample ZQ48 shows consistently higher olivine fabric strength (M-and J-index, Fig. 10 ), orthopyroxene and whole-rock water contents (Figs 15 and  18 ; Table 1 ), and stress (estimated using subgrain size piezometer; Table 1 ) than the other four samples. Therefore, these results may imply that stress and strain tend to be localized and concentrated in a sample that somehow contains relatively more water, and thus has weaker rheology (i.e. lower viscosity) (Skemer et al., 2013) .
Distribution of olivine fabrics in subduction zones
A refined model of olivine fabric distribution
The distribution pattern of olivine fabrics in a subduction zone setting (especially in the fore-arc mantle) is an issue that has been addressed in previous studies via several models (see Fig. 2 ; Kneller et al., 2005 Kneller et al., , 2007 Ohuchi et al., 2012; Hiraga et al., 2013; Nagaya et al., 2014; Pré cigout & Almqvist, 2014) . However, the above models are far from complete, as none of them can satisfactorily explain the findings of diverse, coexisting olivine fabrics in natural subduction zone peridotites. A more comprehensive understanding of the olivine fabric distribution in a subduction zone would no doubt result in a better interpretation of existing seismic observations. To this end, we attempt to present an improved schematic model to describe how olivine fabrics are distributed in two endmember cases-young and warm, and mature and cool subduction zones-which represent the juvenile and mature stages of a subduction zone, respectively, with emphasis on the fore-arc mantle.
Young and warm subduction zones. In a young and warm subduction zone (Fig. 19a) , the water-poor melting residue (harzburgite) can be transported upwards by the dry and warm upwelling asthenosphere (i.e. corner flow) (Gvirtzman & Stern, 2004; Ishizuka et al., 2006; Michibayashi et al., 2007) . Alternatively, the melting residue harzburgite can rise together with melt as a partially molten diapir because of its lower density relative to the surrounding mantle. After the diapir ascends to the base of the fore-arc lithosphere, melt separates from the harzburgite to feed fore-arc volcanism, whereas harzburgite is left at the LAB, where it can later be deformed together with the dry and warm upwelling asthenosphere that drives the corner flow (Stern, 2002; Hasegawa et al., 2005) . In a real situation, these two processes probably occur simultaneously, and both suggest that the plastic deformation of harzburgite and upwelling asthenosphere is most probably accomplished during shallow horizontal flow before the rocks and their mineral fabrics became frozen into the forearc mantle lithosphere during cooling above the subducting oceanic slab (similar to the mechanism that forms the frozen anisotropy of mineral fabrics in oceanic and ancient continental mantle lithosphere).
Owing to the broad fulfillment of deformation conditions (i.e. high temperature, low stress, and low water content) for forming A-/D-type olivine fabrics in both harzburgite and upwelling asthenosphere, A-/D-type fabrics are expected to prevail in a cooler fore-arc lithospheric mantle (Fig. 19a) . In contrast, the warm fore-arc mantle wedge immediately overlying the subducting oceanic slab would be hydrated by water released from the sinking slab, and is thus expected to develop hightemperature hydrous E-or C-type olivine fabrics (Jung & Karato, 2001a; Katayama et al., 2004; Jung et al., 2006; (Fig. 19a) . Because of the corner flow and coupling with the subducting slab, a large portion of the mantle wedge that contains E-or C-type fabrics would probably be transported into the deep mantle, although some fragments might be emplaced and preserved in the fore-arc lithosphere because of tectonic boundary forces at the slab surface and/or as a result of diapirism because of negative gravity forces [e.g. high-temperature amphibolizationamphibole is stable up to 1100 C-is able to decrease the peridotite density, and thus increase the buoyancy; see Stern (2002) ] (Fig. 19a ).
Mature and cool subduction zones. Similar formation and deformation mechanisms in the overriding mantle lithosphere (including fore-arc and back-arc) should also be applicable to mature and cool subduction zones (Fig. 19b) . However, owing to the conductive cooling of the mantle wedge as a consequence of continuous subduction of cold oceanic lithosphere, the mantle wedge, consisting of the residual harzburgite and upwelled asthenosphere, would be further cooled, leading to a thickened sub-arc mantle lithosphere with an inclined melting region retreating from the fore-arc to the backarc regions, and deepening towards the core of the mantle wedge (beneath the arc to the back-arc regions) (Zhao et al., 1992; Hasegawa et al., 2005; Huang et al., 2011a; Zhao, 2015) .
In the above context, the deformation induced by corner flow would continuously form A-/D-type olivine fabrics in the harzburgite and upwelling asthenosphere, which are later frozen into both fore-arc and back-arc lithospheric mantle (Fig. 19b) . At shallow depths above the subducting slab the fore-arc lithospheric mantle will be hydrated or metasomatized (dominantly serpentinized) by silica-and water-rich fluids released from the underlying slab. However, in the deeper fore-arc mantle, below the depth of the LAB, close to the descending Stern, 2002; Ishizuka et al., 2006) . Diapiric upwelling of melting residue harzburgite and corner flow are indicated by thick and thin continuous (or dashed) arrows, respectively. Red dashed line in (b) denotes the boundary between olivine B-type and C-or E-type fabrics; this roughly corresponds to the $800 C isotherm for natural stress conditions . The dimension and shape of the serpentinized fore-arc mantle is mainly thermally controlled and constrained by the antigorite maximum breakdown temperature at the $650 C isotherm (Ulmer & Trommsdorff, 1995) . (See main text for detailed explanation of olivine fabric occurrences in the mantle wedge.) It should be noted that the colored ovoids indicate only the types of olivine fabric that appear in mantle slices exhumed into the fore-arc lithosphere, without any information about their spatial relationships. In fact, several different olivine fabrics can coexist in a single exhumed block.
slab where temperature is low and stress is high (Kneller et al., 2005 (Kneller et al., , 2007 Katayama, 2009; McCormack et al., 2013 ) (B-type region in Fig. 19b ), the olivine fabrics are expected to transition into a low-temperature and high-stress B-type fabric induced by a waterenhanced (010)[001] slip system (Jung & Karato, 2001a; Ohuchi et al., 2012) , by grain boundary sliding (Pré cigout & Hirth, 2014) , or possibly by a static topotactic B-type olivine fabric replacing oriented antigorite undergoing dehydration . Because of the need for high-temperature and wet conditions, E-or C-type olivine fabrics would preferably occur in the deeper back-arc mantle immediately atop the descending slab, where the temperature is higher and water is available (Kneller et al., 2005; Karato et al., 2008; Terada et al., 2013) (Fig. 19b) . Instead of being entirely transported into the deep mantle, some mantle fragments that contain B-, E-, or C-type fabrics could also be emplaced into the fore-arc lithosphere via diapirism and/or tectonic forces along the subduction channel, aided by serpentinization in the fore-arc mantle (Guillot et al., 2015) and subducted low-density continental crust (Burov et al., 2014) (Fig. 19b) .
Reconciliation with natural olivine fabrics
To validate our olivine fabric distribution model in a supra-subduction zone mantle wedge, the most direct approach is to check whether all examples of natural olivine fabrics that have been observed in subduction zone peridotites can be reasonably fitted by the model. Before performing this test, we classified the natural subduction zone peridotites into fore-arc, shallow and deep back-arc types. The fore-arc and shallow back-arc types are characterized by low-pressure spinel peridotites, whereas the deep back-arc type is represented by high-pressure garnet peridotites. This classification is not strict, but reflects the overall first-order relationship between peridotite rock type and subduction zone depth. We categorized the observed olivine fabrics in natural subduction zone peridotites into in situ and ex situ types. The former indicates olivine fabrics (i.e. original fabrics) in exhumed mantle xenoliths, whereas the latter denotes olivine fabrics preserved in tectonically exhumed ultramafic massifs. The ex situ olivine fabrics may represent the original fabric in the mantle (e.g. A-/D-type fabric in this study) or the fabric acquired during the process of exhumation [e.g. B-/AG-type fabric of Song & Su (1998) ]. Compared with mantle xenoliths (in situ fabric), which are generally exhumed at sites of volcanism away from the surface of the subducting slab, mantle situated close to the slab surface would most probably be exhumed as ultramafic massifs (ex situ fabric) along the subduction 'channel' (Burov et al., 2014) . Based on our model, A-/D-type olivine fabrics are expected to occur in the fore-arc and back-arc mantle lithosphere (Fig. 19b) . This is corroborated by universal findings of A-/D-type fabrics in fore-arc and/or shallow back-arc peridotites worldwide (e.g. Ji et al., 1994; Michibayashi et al., 2006a Michibayashi et al., , 2007 Michibayashi et al., , 2009 Tommasi et al., 2006; Falus et al., 2008; Jung, 2009; Soustelle et al., , 2013 Morales & Tommasi, 2011; Palasse et al., 2012; Satsukawa & Michibayashi, 2014) . Except for a few studies, including this work and others (Tommasi et al., 2006; Michibayashi et al., 2007; Jung, 2009 ) that found ex situ A-/D-type fabrics in fore-arc peridotites (red blocks in Fig. 19 ), all the other studies mentioned above reported in situ A-/D-type fabrics in fore-arc and shallow back-arc peridotites, implying that A-/D-type fabrics may occur widely and predominantly in the fore-arc and back-arc mantle lithosphere.
As evidenced by natural samples, both in situ and ex situ E-type olivine fabrics are found in fore-arc peridotites (e.g. Mehl et al., 2003; Tommasi et al., 2006; Jung, 2009; Palasse et al., 2012; Harigane et al., 2013) . Except for Palasse et al. (2012) , who reported an in situ E-typelike fabric that probably resulted from annealing or recovery modification of a precursor A-/D-type fabric (thus it may not have been the original fabric; see discussion above), all the other studies above reported ex situ E-type fabrics, and considered them to be original fabrics (cyan blocks in Fig. 19) . Therefore, the original provenance of these fore-arc and ex situ E-type olivine fabrics is consistent with the region immediately above the descending slab in a young and warm subduction zone (E-or C-type region in Fig. 19a ). However, to our knowledge, fore-arc C-type fabrics have not been reported. The reasons for the absence of this C-type fabric are not clear, but there are two possible explanations. One is the insufficient amount of fabric data available at present, and the other is that the water contents might have been too low to induce a C-type fabric [more water is needed to form C-type fabrics; see Jung et al. (2006) ] in a juvenile subduction zone.
B-type (sometimes AG-type) olivine fabrics have been found mostly in fore-arc (e.g. Cordellier et al., 1981; Song & Su, 1998; Mizukami et al., 2004; Tasaka et al., 2008; Jung, 2009; Jung et al., 2014; Nagaya et al., 2014; Kim & Jung, 2015; Park & Jung, 2015) and to a lesser extent in deep back-arc peridotites (e.g. Skemer et al., 2006; Wang et al., 2013a) . It should be noted that all these B-type fabrics are ex situ types (green blocks in Fig. 19b ), implying that they form in the vicinity of the subducting slab surface (Fig. 19b) . The presence of both fore-arc and deep back-arc peridotites bearing B-type fabrics is consistent with the extension of an olivine fabric boundary between B-and C-type from the sub-arc region into the deep back-arc mantle along the slab surface (red dashed line in Fig. 19b) . However, the ex situ nature of these B-type fabrics may raise questions about the originality of the B-type fabrics, which are not straightforward to elucidate. Among the mechanisms that have been proposed to form B-type olivine fabrics, those involving low-temperature and high-stress conditions, such as the water-enhanced (010)[001] slip system (Jung & Karato, 2001a; Ohuchi et al., 2012) and grain boundary sliding (Pré cigout & Hirth, 2014) may also be activated in a continental shear zone associated with tectonic collision. In this case, the observed B-type fabric may not represent the original fabric in the mantle wedge, if the possibility of its formation during the exhumation process is not ruled out.
In contrast to the null observation of C-type fabrics in fore-arc peridotites, several studies have discovered C-type olivine fabrics in deep back-arc peridotites (e.g. Frese et al., 2003; Katayama et al., 2005; Xu et al., 2005; Jung et al., 2013; Wang et al., 2013a Wang et al., , 2013b . Similar to B-type fabrics, all these C-type fabrics are ex situ type (orange blocks in Fig. 19b ), suggesting that their original locations are close to the surface of the subducting slab (E-or C-type region in Fig. 19b) . However, to our knowledge, deep back-arc E-type fabrics have not been found. The reason might be either the lack of fabric data, or high water activity, which inhibits the development of E-type fabrics (Jung et al., 2006) in mature and cool subduction zones.
Seismic implications for the fore-arc mantle
As discussed above, it is reasonable to consider that both fore-arc and back-arc mantle lithosphere are plastically deformed and mainly contain A-/D-type olivine fabrics. The anisotropic layer of the mantle lithosphere will undoubtedly affect seismic anisotropies observed in both fore-arc and back-arc regions, although the extent of this impact can be variable depending on a set of parameters such as the thickness of the anisotropic layer, degree of plastic deformation, the modal proportions of constituent minerals and the flow geometry inside the mantle wedge. The fore-arc region in a mature subduction zone is a unique tectonic setting in which upward travelling, fast S-waves are commonly polarized subparallel to the trench or to the strike of the subduction zone. In the case of teleseismic waves (e.g. SKS and SKKS), at least four major sources can contribute significantly to the trench-parallel seismic anisotropy, including the overriding crust (e.g. Huang et al., 2011b; Iidaka et al., 2014; Ko & Jung, 2015) , the mantle wedge (e.g. Nakajima & Hasegawa, 2004; McCormack et al., 2013; Wagner et al., 2013) , the subducting oceanic slab (e.g. Faccenda et al., 2008; Healy et al., 2009; Song & Kim, 2012) and the sub-slab mantle (e.g. Long & Silver, 2008; Jung et al., 2009b; Song & Kawakatsu, 2012) . For more details about seismic anisotropy in subduction zones, readers are referred to recent reviews by Long (2013) , , and Zhao et al. (2015) .
Among the above sources of anisotropy, the mantle wedge is the most complicated, because trench-parallel fast velocity directions can be caused by B-type olivine fabrics under conditions of corner flow, by A-, D-, or E-type olivine fabrics under arc-parallel flow, as well as by oriented layers of hydrous phases above the descending slab . Additionally, the anisotropy of lithospheric and asthenospheric mantle components inside the mantle wedge are often not well separated, which may in turn limit the interpretation of olivine fabrics and mantle flow patterns on the basis of seismic anisotropy observations. If, as depicted in Fig. 19b , A-/D-type and B-type olivine fabrics are formed associated with 2D corner flow beneath a mature forearc region, the overall contribution of seismic anisotropy that results from the deformed mantle wedge is expected to be reduced because of the opposite polarizing directions of fast shear waves for olivine A-/D-type (trench-normal) and B-type (trench-parallel) fabrics. If we assume that mature fore-arc mantle lithosphere has a typical thickness of $20 km [ Fig. 19b ; see also Stern (2002) ] and a uniform S-wave polarization anisotropy of $6% for subvertically propagating seismic waves (subnormal to the foliation, Fig. 16 ), trench-normal polarizing fast S-waves with a delay time of $0Á25 s can be produced. Additionally, assuming that the convecting fore-arc asthenospheric mantle wedge-dominated by B-type olivine fabrics (maximum dimension approximately constrained by the 800 C isotherm)-has a thickness of $30 km [ Fig. 19b ; see also Stern (2002) ] and a uniform S-wave polarization anisotropy of $3% that is inferred from natural B-type fabrics (e.g. Skemer et al., 2006; Tasaka et al., 2008) , we can calculate a trench-parallel fast S-wave polarization anisotropy with a delay time of $0Á19 s. The opposing polarization directions with similar delay times caused by A-/D-type and B-type olivine fabrics thus imply that considerable weakening of seismic anisotropy may occur because of the interaction between A-/D-and B-type olivine fabrics in the fore-arc mantle. Likewise, this effect also exists for A-/Dtype olivine fabrics and other trench-parallel seismic anisotropic sources such as oriented serpentine (Jung, 2011) , chlorite (Kim & Jung, 2015) and foliated blueschist layers (Cao et al., , 2014 , as well as aligned cracks in the overriding crust and subducting slab (Faccenda et al., 2008; Healy et al., 2009; Iidaka et al., 2014) . This counteracting effect caused by different anisotropic layers may thus offer an alternative explanation for the short or nearly null delay times (i.e. dt < 0Á3 s) of local shear-wave splitting (seismic rays emanating from intra-slab earthquake events) observed in some fore-arc regions such as NE Japan and Mexico (Soto et al., 2009; Huang et al., 2011b; , where thin layers of strong trench-parallel seismic anisotropy (e.g. oriented serpentine, chlorite, and talc) are supposed to be stable or exist above the slabwedge interface (e.g. Nakajima & Hasegawa, 2004; Tsuji et al., 2008; Kim et al., 2013) . This argument may, on the other hand, weaken the importance of B-type olivine fabrics and favour other mechanisms to explain the observed trench-parallel polarization anisotropies, especially those showing large delay times (i.e. dt > 1 s).
The degree and spatial distribution of fore-arc mantle serpentinization are closely related to the extent of dehydration and depth of the subducting slab, which are mainly controlled by the thermal structure in an active subduction zone (e.g. Wada et al., 2008; van Keken et al., 2011; Reynard, 2013) . For a cool subduction zone (e.g. Tohoku-Hokkaido, Tonga, and Izu-Bonin), only a thin and localized layer of mantle wedge at the slab interface is weakly to moderately serpentinized (<30%), owing to the small degree and great depth of slab dehydration. In contrast, in a warm subduction zone (e.g. Cascadia, Costa Rica, and Shikoku), because of the shallow and extensive dehydration of the slab, the fore-arc mantle is strongly serpentinized ($50-100%), especially in regions of the slab interface and uppermost mantle overlain by the fore-arc Moho. More detailed descriptions of the occurrence of serpentinization in active subduction zones can be found in the review by Reynard (2013) . In addition, it must be noted that the concept of a 'warm subduction zone' as used here should not be confused with the 'young and warm subduction zone' of the previous section, because the latter has a much higher temperature than the former, so that (1) magmatism (i.e. boninite) can occur in the fore-arc region, and (2) hydrous phases (e.g. serpentine and chlorite) are not stable and cannot occur in the fore-arc mantle. The discussion below is mostly focused on the case of a warm subduction zone.
The olivine fabric may be linked to the fabric of antigorite that forms in serpentinized fore-arc mantle (Fig.  19b) ; together they affect the seismic velocities and anisotropies in the subduction zone (Fig. 20) Owing to the lack of influence of plastic deformation, this topotactic growth-induced antigorite fabric is likely to be developed in the uppermost fore-arc lithospheric mantle, away from the slab surface (case 1 in Fig. 20a ). Assuming the lineation of A-/D-type fabric harzburgite is approximately horizontal because of horizontal corner flow at the LAB, a steep foliation of topotactic serpentinite (perpendicular to the foliation of harzburgite) would thus be expected. In contrast, a deformation-induced antigorite fabric can be formed by localized shearing along the slab-wedge interface (case 2 in Fig. 20a ). This antigorite fabric has its (001) plane aligned subparallel to the foliation (slab surface), and [010] axis aligned subparallel to the lineation (subduction direction) (e.g. Hirauchi et al., 2010; Soda & Takagi, 2010; Jung, 2011; Nishii et al., 2011; Brownlee et al., 2013; Morales et al., 2013; Shao et al., 2014; Soda & Wenk, 2014) . The foliation and lineation of antigorite are assumed to be aligned subparallel to those of the original harzburgite.
Because antigorite is a plate-like mineral that has nearly transverse isotropic seismic velocities (slow axis parallel to the [001] axis, and two nearly equivalent fast axes parallel to the [100] and [010] axes in the antigorite plate plane), the seismic velocities, V p /V s ratios, and seismic anisotropies that are observed in the fore-arc region are closely related to the angles between the propagation direction of seismic rays and the foliation of serpentinite in the mantle wedge (e.g. Bezacier et al., 2010; Jung, 2011; Hacker & Abers, 2012) .
In case 1, the seismic rays emanating from intra-slab earthquakes tend to propagate vertically more than horizontally when travelling through the fore-arc mantle (Fig. 20a) ; the low-angle geometry between the steep antigorite foliation and the seismic ray paths will therefore generate variable velocities (V p $ 7Á0-8Á2 km s -1 , V s $ 3Á9-4Á8 km s -1 ), V p /V s1 ratios ($1Á67-1Á76), and small to moderate S-wave polarization anisotropies (AV s $ 1-10%) depending on the degree of serpentinization ( Fig. 20b-d) . Both P-wave and S-wave velocities decrease steadily with increasing fraction of antigorite (Fig. 20b) . The V p /V s1 ratios are the lowest when seismic rays propagate at high angles to the foliation of fresh harzburgite, but increase slightly and then remain constant with increasing degree of serpentinization (Fig. 20c) . The variations of fast shear wave polarization anisotropy are more complex (Fig. 20d) . The polarization direction changes gradually from trench-normal, which is controlled by the mineral fabrics of harzburgite, to trench-parallel, which is determined by oriented antigorite with increasing fraction of antigorite. This transition of polarization direction is also accompanied by a change in the magnitude in seismic anisotropy from decreasing to increasing at an inflection point of $30% antigorite fraction (Fig. 20d) [see also Boudier et al. (2010) and Brownlee et al. (2013) ].
For case 1, the calculated V p and V s values are relatively high, and thus do not seem to match the low seismic velocities (V p $ 6Á4-7Á7 km s -1 , V s $ 3Á0-4Á4 km s -1 , especially the lowest velocities) that are frequently observed in fore-arc mantle regions (Fig. 20b ) (e.g. Kamiya & Kobayashi, 2000; Bohm et al., 2002; Bostock et al., 2002; Brocher et al., 2003; Hyndman & Peacock, 2003; DeShon & Schwartz, 2004; Ramachandran et al., 2006; Tibi et al., 2008; Tsuji et al., 2008; Matsubara et al., 2009; Nakajima et al., 2009) . In addition, the calculated V p /V s1 ratios are also too low to explain the usual high V p /V s ratios ($1Á76-1Á85) in fore-arc mantle (Fig. 20c ) (e.g. Zhang et al., 2004; Syracuse et al., 2008; Tsuji et al., 2008; Davey & Ristau, 2011) . Although a trench-parallel S-wave polarization anisotropy can indeed be produced by increasing the fraction of antigorite, the moderate intensity of this seismic anisotropy (AV s $ 5-10%) suggests that only a small delay time ($0Á01-0Á02 s km -1 ) is expected (Fig. 20d) .
In case 2, seismic rays emanating from intra-slab earthquakes would propagate mainly at low angles and secondarily at high angles to the surface of the subducting slab (i.e. foliation of deformed serpentinite) (Fig. 20a) . It is expected that higher velocities (V p $ 7Á0-8Á7 km s -1 , V s $ 3Á7-4Á9 km s -1 ) ( Fig. 20b) and larger trench-parallel fast S-wave polarization anisotropy (AV s $ 5-30%, dt $ 0Á01-0Á06 s km -1 ) (Fig. 20d) can be produced in the case of low incidence angles compared with high incidence angles (V p $ 5Á9-8Á4 km s -1 , V s $ 3Á2-4Á9 km s -1 and AV s $ 1-19%). The seismic velocities (V p and V s ) and anisotropy of S-wave polarization decrease and increase with incremental fraction of antigorite, respectively. For the V p /V s1 ratios, the variations with incidence angles and fraction of antigorite are more complicated. At antigorite fractions less than $0Á3-0Á4, low-and high-angle incidences yield large ($1Á70-1Á79) and small ($1Á60-1Á72) V p /V s1 ratios, respectively. However, at antigorite fractions greater than $0Á4, both low-and high-angle incidences can Fig. 20 . The relationships of (b) seismic velocities, (c) V p /V s1 ratios, and (d) intensities of shear wave polarization anisotropy (AV s ) or splitting with increasing fraction of antigorite for two end-member serpentinization cases (cases 1 and 2) in fore-arc lithospheric mantle as shown in (a). (a) Case 1 is located in the uppermost fore-arc mantle, where topotactic growth of antigorite is formed after anisotropic harzburgite. Case 2 is located immediately atop the descending slab where a deformation-induced antigorite fabric is produced. Orientations of the olivine [100] axis and traces of the antigorite (001) plane in a 2D cross-section of a subduction zone are marked by red and blue lines, respectively. Orientation of the olivine [100] axis is presumably caused by prior corner flow, and is fossilized in the present-day lithospheric mantle. The seismic rays that emanate from five intra-slab earthquake events (yellow stars) and received by five stations are schematically illustrated to show the sampling paths through the anisotropic fore-arc mantle wedge. (b-d) For case 1, the seismic velocities and anisotropies of serpentinized harzburgite were calculated using the densities and rock elasticity stiffness tensors of average harzburgite and its topotactical serpentinite that replaces the average A-/D-type olivine fabric in this study (Table 3 ). The seismic properties of serpentinized harzburgite in case 2 were calculated in a similar manner, but using the elastic stiffness tensor of a deformed antigorite aggregate from Jung (2011) (Table 3) . In case 1, the seismic rays from intra-slab earthquake events tend to propagate at moderate to high angles to the rock foliation [see the ray paths in (a)]. In (b), (c) and (d) the calculated seismic velocities, V p /V s1 ratios, and intensities of shear wave splitting within 45 of the pole of foliation are presented with their variation ranges shown as grey shaded areas (grey circles and squares are average values). For case 2, because the seismic waves propagate mainly at low angles (<30 ) and secondarily at moderate ($30-60 ) to high angles (>60 ) to the foliation [see the ray paths in (a)], the ranges of variation in seismic velocities, V p /V s1 ratios, and intensities of shear wave splitting are indicated by white shaded areas bounded by colored dashed lines (white circles and squares are average values). Color shaded rectangular areas in (b) and (c) denote the low V p (blue), low V s (green), and high V p /V s ratios (pink) typically observed in the forearc mantle; low V p /V s ratios (yellow) are not usually detected in the deep mantle wedge (see main text for details). Because most local shear wave arrival times are based on picks of the first arriving signal, only the calculated V p /V s1 ratio was applied to compare with the seismologically observed V p /V s ratio (Hacker & Abers, 2012) .
produce large V p /V s1 ratios ($1Á65-1Á87), whereas low V p /V s1 ratios ($1Á43-1Á69) would be produced at moderate incidence angles (Fig. 20c) .
For case 2, it appears that the seismic waves traveling at high angles to the slab surface can explain the characteristic low seismic velocities (V p $ 6Á4-7Á7 km s -1 , V s $ 3Á0-4Á4 km s -1 ) in the fore-arc mantle (Fig. 20b) . In contrast, the high V p /V s ratios ($1Á76-1Á85) and large trench-parallel fast S-wave polarization anisotropy (e.g. dt > 0Á5-1Á0 s) are more consistent with the results of seismic waves propagating at low angles to the slab surface ( Fig. 20c and d) . Although moderate incidence angles can yield very low V p /V s1 ratios that match the unusually low V p /V s ratios ($1Á60-1Á72) in some deeper mantle wedges ($50-100 km) (e.g. Eberhart-Phillips et al., 2006; Rossi et al., 2006; Zheng & Lay, 2006; Wagner et al., 2008; Hacker & Abers, 2012) , the shallow depth of serpentinized fore-arc mantle (<50 km) is apparently contradictory to the deep occurrence of these low V p /V s regions.
Based on the discussion above, it is, therefore, inferred that deformed harzburgite and its topotactical antigorite fabric may not be the key factors in interpreting the typical seismic properties of fore-arc mantle. Instead, the seismic properties that are representative of a typical fore-arc mantle could be more appropriately explained by a co-deformed assemblage of harzburgite and serpentinite. However, we have to point out that the two cases of serpentinization proposed above are very simple, as many other factors are not considered, such as other subordinate topotactic relationships between replacement antigorite and olivine fabrics (Boudier et al., 2010) , other hydrous phases besides antigorite, and the role of fluids and the vertical flow of serpentinite as diapirs. Here, it is particularly important to note that diapiric flow may tremendously increase the structural complexities of serpentinite orientation and lead to more complicated interpretations of seismic data from hydrated fore-arc mantle.
CONCLUSIONS
Examining the chemical compositions, mineral fabrics, and seismic properties of natural peridotites that originate in regions of fore-arc mantle can provide a tantalizing glimpse into the geodynamic processes in subduction zones. The Yushigou harzburgites from the North Qilian suture zone are also such a case. Extensive analyses of olivine and orthopyroxene CPOs and subgrain rotation axis distributions suggest that the olivine and orthopyroxene have pronounced mineral fabrics that resulted from the activation of a series of dislocation slip systems. The olivine (A-/D-type fabric) shows dominant (010) (100)[0vw] slip systems. Water contents are extremely low in the orthopyroxene (38-44 ppm), equilibrated olivine (4-7 ppm), and whole-rock samples (9-14 ppm), consistent with their refractory nature. Integrated with the previous petrological and geochemical studies by Song et al. (2009b) , it is concluded that these harzburgites are fore-arc mantle residues that experienced a high-degree partial melting of $25-30%, followed by cryptic high-temperature melt/fluidrock reaction. Based on the estimated low-pressure ($1-2 GPa or $35-65 km depth), high-temperature ($1100-1300 C), low-stress ($1-4 MPa), and water-poor conditions of deformation, these harzburgites represent a fossil remnant of fore-arc lithospheric mantle that was probably both formed and deformed in a young and warm fore-arc mantle setting.
Taken together, we propose that the Yushigou harzburgites were deformed after partial melting at LAB depths within a mantle corner flow regime in a young and warm subduction zone; these harzburgites (including their A-/D-type olivine fabrics) and upwelling asthenosphere were later gradually frozen into the forearc mantle lithosphere because of continuing cooling in the subduction zone. To understand better the occurrence of the various olivine fabrics present, we have proposed a refined schematic model of olivine fabric distribution in a subduction zone that incorporates the occurrence of A-/D-type olivine fabrics from the fore-arc to back-arc lithospheric mantle.
Because olivine A-/D-type and olivine B-type or antigorite/chlorite fabrics have opposing polarizing directions for fast S-waves, the contribution to the trenchparallel fast S-wave polarization anisotropy credited to the deformed mantle wedge could be reduced by the prevalence of A-/D-type olivine fabrics in the fore-arc lithospheric mantle. This counteracting effect may provide an alternative explanation for the short or nearly null delay times of local shear-wave splitting (sourced from intra-slab earthquakes) that have been detected in some fore-arc regions such as NE Japan and Mexico. Our studies reveal that in interpreting the low P-and Swave velocities, high V p /V s ratios and large seismic anisotropies that are typically observed in fore-arc mantle regions, the roles of serpentine and olivine fabrics in deformed serpentinized harzburgite at the interface between the subducting slab and the overlying mantle wedge are important, whereas the deformed harzburgite and its associated topotactic antigorite fabrics are less important.
